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This report was prepared as an account of Government spon-
sored work. Neither the United States, nor the National
Aeronautics and Space Administration (NASA), nor any per-
son acting on behalf of NASA:

Al) Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness
or usefulness of the information contained in this
report, or that the use of any information, apparatus,
method, or process disclosed in this report may not
infringe privately owned rights; or

B.) Assumes any liabilities with respect to the use of, or
for damages resulting from the use of any informa-
tion, apparatus, method or process disclosed in this
report.

As used above, ''person acting on behalf of NASA" includes
any employee or contractor of NASA, or employee of such
contractor, to the extent that such employee or contractor

- of NASA, or employee of such contractor prepares, dissem-«
inates, or provides access to, any information pursuant to
his employment or contract with NASA, or his employment
with such contractor,

- GRUMMAN



PARA, WO,
1.0

2.0

5-0
501
5611
5.1.1.1
5.1.1.2
'5.1-1-3
S5.1.2.
5.1.2.1
5.1.3
5.2
521

' 5.2.2

o

o\
DA v
FwhboLLLEEHE

w LELI VI

[ ] L ] [ ) » - L] L] . L
A » - * [ ] L]

L

=
Ib
[

e
[

TABLE OF CONTENTS

DESCRIPTION
Introduction
Objective
Summary

Requirements, Ground Rules and Assumptions
Thermal and Mechanical
Electrical
Maintainability, Humen Fa.ctors end
Safety
Miscellaneous Considerations

Materials Properties
Packaglng Materials
Structural Materials
Iockallox .
Magnesium Alloys
Aluwrinum Alloys
Encapsulants
Evaluation Results
Cell Interconnections
Thermal Properties of Nl-Cad Cells.
Physical Properties
Ni-Cad Heat Generation

~ Module Design

Thermal Design

Thermal Design Avproach
Thermal Analysis Technlque
Candidate Configurations
Mechanical Design
Mechanical Design Approach
Honeyecomb Structure.
All-Welded Stiucbure
Design Details

Electrical Design
Maintainabi]ity, Human Factors a.nd
Safety'

' Module Tests
Thermal Evalugtion Tests

-

PAGE

)

SEWWw N

55”\3' R‘;\D\O-q C\ONO\C\ N



T3

e B B B e e B P P b
MW B R W W LW
POHE DR FPHERME

[0 4]
.
<

-l-"f» N

oooooopooboaoa
WP DD

9.0
' 9.1

- Appendix A

TABLE OF CONTENTS (CONT'D)

.DESCRIPEIONI

ObJjectlve

General Test Procedures
Instrumentation

Thermocouples

Other Instrumentation

Test Equipment

Data System Channel Allocations
Test Control Circultry

Test Fun Iog

Heater Test Results

Heater Test Series

Heater Test Data

Dlecussion of Heater Test Results
Discussion of Bolt Spacing Effects
Live Cell Test Results

Live Cell Test Data
Temperature

Electrical

General Comments

Proof Pressure Tests
Objectlve

Test Procedure :

Proof Pressure Test Results
Visual

Stress .

Discussion of Stress Data

System Integration Considerations

Thermal

Mechanieal Considerations
Thermal Impacts
Electrical Tmpacts
Other Impacts

- Structural Considerations

Electrical Considerations

Conclusions

Speciflc Findings

Heater Cell Design

iv

172
173



FIG. NO.

5,11
6.1-1
6,1-2
6.1e3
6.1k
6,15
6.2-6
6.1-T
6.1-8
6.1-9
' 6.1-10
6.1-11
"6;1-12‘
. .6.1~13
6.1
6.1-15
6.1-16
6.1-17
6,118
6.1;19
6.1-20 -
.6;1}21
6.1-22

LIST OF FIGURES

DESCRIPTION
Cell Potting Fixture
Model of Simulated Module
Detalled Nodal Breakdown
Baseline Module Thermal Schematic
Thermal Data

Thermal Data

-’.['herm_al Data

Thermal Data
Thermsl Data. '
Thermal Da‘ta

Discard Gbnéepfbs

Alternate Concept #1

Alternate ‘Concept #1 (Section AA)
Thermal Data
Thermal Data

Thermal Dets

Thermal Data

Thermal Data

Thermal Data

Al{;,elméfe VConCept 2
Flat Pack bésign Parameters
Flat Pack ﬁesign-?arameters

Flat Pack Design' -Pa,rameteré

PAGE

22
23
eT
28

28

34
35
36
38
38
38
%
39

i3

bl
bl



FIc, NO,

6,1=23
6.1-24

6.2-1

6,22

711
Tele?
To1-3
To1-k
7.-5
726
Tu1-7
7.1-8
7.1-9
T.l—_-lO
"7.1-11
T.2-1
 Teee2
Ta2-3
T.oek
Ta25
' T.2-6
Te2-T

LIST OF FIGURES (CONT'D).

DESCRIFTION

Flat Pack Design Paremeters

Flat Pack Design Parameters

Wel,&ed Battery Module

A1l Welded Structure -

Heater Cell With Thermocouples

Hewlett Packard Data System

‘Battery Module With Thermocouple

Cold Rail Assembly

_Ceil Module Mounted on Cold Ralls

Therrrncouple ILocations on Heater Cells

Thermocou;ple Ioce:bions on Wells of Module
Conta:x.ner

Thermocouple Loeat:lons on Modu:l.e Mounting F]anges

_Thermcouple Locations on Cooling Systan
 Module Test Set-Up

" Block Diagrem. -

Module Steady State Tempe'mtﬁre Distribution

Heater Power Input

Mb&ﬁ_le Steady State Temperature Distribution
Module Teimperature Distribution
Module Temperature__ Distribution

Hesater Power Input

Module Steady State Tempevature Distribution

vi

qu
45

L5

51

61
62
63

. 66

67

[@

75

81
82
83
85
86
87
8



LIST OF FIGURES (CONT'D) |

FIG., NO. DESCRIPTION ' PAGE

7.2-8 Module Temperature Distribution B 89
Te2=9 : Module Stemdy Sf&te.Téméérature Distribution ‘911
- T.2-10 | Module Temperature Distribution . 92
7211 Module Steady State Temperature Distribution 93’
Te2~12 Heater Power Tnput. . - 7 ; ok
Te2=13 Module Steady State Temperature Distributién ' a5
To2~1k ' Module Temperature Distribution o 96
Te2-15 - Heater Power Input o 58
Te2=16 Mbduie Steady State Temperatﬁre Distribution 99
Te2=1T ~ Heater Power Input | ‘ 100
| 7.2;18 Modille Steady State Temperatg_re Distribution 10L
7.2-19 Module Temperature Distribution - = 202
T.2-20 Mo.dﬁle_ ‘Steady State’.Tempemture Distribution 1ok
7;3;21 N kModule, Temperature Distribution 105
7_.2%22 ﬁea‘ber Fower Input A_ 107
| ';.2523 Module _Steédy State Tmmmtﬁe_ Distribution 108
. T'2f2h | Heater Ppwer{inpﬁt .‘ E - : 109 |
T.2-25 Module Stesdy State Temperature Distribubion 110
| 7.2;é6 Mbduie Temperature Distribution | B | 1
e Comparison of Axial Tempemfure. - 117
: T; 3.‘_1 | Moﬁﬁle Steady state Tempéra.ture Distribution 120
‘7__.3-2 | Module Steady State Temperature Distribution 121
7.3-3 . Module Steaay'State'Tempgmture Distribution 123

.34 Module Steady State Temperature Distribution 12k

Covii



FIG. NO,

Te3=5
7.3-6

. Te3=T

7.3-8
7.3-9
T«3=10
7.3-11

T.3-12
7.3-13
7.3-14

' 7.3-15

- 7.3-16

 Te3-17

1,318
- Te3-19
"ﬁ.7.3-20

L Ta3-21

| 7- 3"22
' 7.3-23
Te3-24

Tu3-25

Tub=1

| Te5-1

LIST OF FIGURES (CONT'D)

DESCRIPTION
Module Steady Stete Temperature Distribution

Module Steady State Tempemture Distribution

Coolant Temperature ve. Time

‘Coolant Temperature vs, Time

Coolant Tempernture vs, Time |

Battery Module Test

Battery Module Test

Battery Module Test

Cell Temperature vs, Time

Cell Temperature vs., Time
Cell-Tempefé.ture e .‘ Time

Température Rlse vs, Depth of Dischargé
Module Voltage vs. Time

Mﬁdu’le Voltege vs. Time |

Modﬁie ifoltage ve. Tine

Cell Pressure ve. Time -

Cell i’ressure. irs'. Time

' -Ceil_Pressure vs, Time

End.-of-aCharge_and FOD vs. Orbit

% Input Distributions vs, Orbit

Watt-Hour & Amp-Hour Return v, Orbit

Lot:a;"t:‘ion of St:g-afl.n Gages on Bettery Module

Ty:pical Cracked Weld Nugget

Section of Nugget Cra.c.k

Vit

 PAGE

125
126
127
128
129
130
131
132
133
134
136
137
138
139
;hl
1h2
143
b
.11;'5

146

148
150

152

. 152



LIST OF FIGURES (CONT'D)

FIG, NO. o DESCRIPTION | PAGE

7453 Electron Fractograph | | 153
- TeS=h Module Proof Pressure Test _ 155
Te5=5 Module Proof Pressure Test , o 156
8.1-1 Heat Tmnspor‘t Loop ' o ' 159
8.1-2 Active Cooling Ioop . o 161
8.1:3 Typical Cold Rail Concepts - 162
8.2-1 © Module Arrangement o 167
A-1 f’iﬁte/Heater/Separator Arﬁngement 174
A-2 Heater Cell Typical Dimensions . 175
A-3 Heater Cell Internal Schemstic . 180
A-‘u rPlat'é ‘and: Separator Dimensional Layout . | 182



TABLE
N0,

5-1-1
| 502‘1(&)
5.2-1(b)

Se2w2

6.1-1
6.1-2
6.1-3
6,1-&

6,21

7u1-1
.12
T.2-1
j5f.3-1
b
8.3-2

1T

I

LIST OF TABLES

DESCRIPT ION
Materlal Properties Dats
Cell Thermal Conductivity

Cell Specific Heat
Estimated Heat Generation JChars._c.ﬁeristics

~ Pin and Baseplate Thickness

Weight Determination
Weight Determination
Thickness Determination

Structural Anmlysis

Te st Equipment

 Data System Channel Allocations

- Predicted vs Actual Temperature Gradients

Sumary of Temperature Data
Phese B Study Summary
Configuration Sumna.ry

Tebulation of Heater Cell Design Deta

Heatef Cell Electrical Data -

. Heater Cell Data

PAGE
14

17

Lo
b1
46
b7
55

T2-Th
11

134

169
170

77
178
iB3



1.0 - INPRODUCTION - -

This dpcmnént “ful:t‘iils a part of the rer.;iiirement‘ listed: in NASA/MSC
Contract NAS 9-11074, Exhibit "A", Statement of Work,- Paragraph 5.0, Table
I, Ttem 5, -"E:nginééring Test Reports”. Specifically, this report covers
the design and test of the preliminery Engineering Test Uﬁit of the kecell
module containing 100 A.H. Nickel-Cadmium cells,

Other reports to be issued under the abovefnémed docmentat.ion item
“includes | |

o Cell Development Test Report

o Battery Test Controlier Report
" -Similar reporﬁs }#1_11 be issued for the Parametric Cycle, ‘Il:i'fe Cyele, and
" Development Test Module tests. .

This',repoi“t covefs the followling techﬁ_:lcal mteri#l‘ concerning Battery
Module Development:

0 Review §f Requilrements

o Materials Properties and Selection

o) Module _Désign | -

o Module T.elsts

o Systenms Gonsidemtio'ns
‘Conclusions drawn from the effort to date, and recommendations for the diree-
tion of remaininé and future effort are also '1ncorpomtéd.

2."0: OBJECTIVE | _

| The éngineeriné; model of the four-cell 100 A.H. battery module was
fa_ﬁbricated and te'sfed as an -intermediate step in the design c'vf‘ gualifiable
- fliéht hé.rd:wa,re., . Specific primary objectives to be accomplished included:
0 Generation of thermal data aé a check asgainst éesign analysis
o Proof of mechanical.(stresé) adequacy of design

o] Estabiishmen‘t; of mamufacturing procedures for the module

1.



Other goals set for this effort included:

o Check-out and verificatlon of test controllers and data acquisition
system preparatory to parametric cycle and life cycle testing
o Generation of electrical data showing rough-order-of-magnitude

dissipation, and voltage and preséure performance for 100 A H, cells.,

The module design was considered sufficientiy flexible that information
established during the construction and test period could berused to modify
the design for the later Development Test Mbdel. Indeed, this proved to be the
case, both thermally and mechanically as noted ih 7.2:1.2 (eiimination of
Kapton wrap and tightening cell dimension tolerances) and 6.2.3.1/7.5.1

(butt welded cell dividers).

3.0 SUMMARY

The work reported herein established the feasibillty to design and build
a flight-worthy replaceable battery module consisting of four (&)'ioo AH,
Nickel-Cadmium rechargeable (secondary) cells for large manned space vehicles.
This module will weigh less than 43 pounds, will be fully maintainable in
a zero "g" enviromment by one man (without use of special tools), will be
temperature controlled by an active envirommental control system (as presently

planned and will be a bulldlng block for a battery eomplex with load capability

to at least 25 KW,



1&.0_ REQUIREMENTS, GROUND-RULES AND ASSUMPTIONS

4,1 Thermel and Mechanical

The basic requirements used for module design are thope called
out in 2,1.1, 3 2 &, and 3.2,b of the Statement of Work, Exhibit A
of NASA/MSC Contract NAS 9-1107h.” ‘Additionally, certain ground-

‘rulés were appli\ed as follows:

o Minimize weight, with 40 1b, a;s a design goal
o Minimize fabrication cost, assembly\ complexity
¢ Minimize éell-to-coolb.nt thermal gradient
- Shortest path ( lée.st. material minimizes weigl}ll‘t‘)
- Smallest Vnumb'er of interface elements -
o] _Avoid use of internal heat pipés unless no other practical
alternative exists |
o Do not violate thermal control integrity by module removal/
insertion’ .
- Coolant lines not to be parted
o Imp.wment.a‘tion of Line Replaceable Assembly (LRA) module
o Number of cella/module shall be four
The ma jor .assumptions and‘ estimates used were:
o Worset gaée orbital a{rerége heat genéraﬂon (dissipetion) rate shall
‘he 16 watts/cell (See.s.e.e) o
0 Maximum internal cellpressure shall be 100 psig
o Capability required to :I.ncorporate instrmnenta‘tiou, monitor
circults for functional control and/or aiagnosis by simple,
: external modification (See 3.2.c, Stetement of Wez_‘k)
b2 Electricai-
" The functional requi rements called out in 2,1.2, 3.2.a (25 KW

system) s and 3 2,¢ (as required) of the Statant of Work formed the

3.



basls for the electrical design. Additionsl sxﬁun&-ruleé g'rid asgump -
tions were: | |
0 Insulate each cell from every other cell within ‘the modqule; in order to
avoid cell-'to-ucell shorts via cell cgées or through module
structure . |
o Maximum steady-itate -cell current{ {4 cells in series) shall
be 100 amperes {C-rate) |

4,3 Maintainability, Human Factors and Safety

Excépt fpr such references as that rela.ting.?o preaéure control
and 1nadveﬁent escape of electrolyte (3.2.b), the maintainability,
human fa.c_tors anc'i*safe't;y requirements of this des.‘ign are i!.ﬁi)li&d
rather than explicitly stated in the'Statement'of Work. Conditions
for design, then; have- been taken from the Grummsn pmj_:osﬁ.l, @nd have
been added to using informetion derived by ooorgiinﬂtion_ with

Grumman's ongoing Space Station study group, and with the Space

- -Btation Phase B study contractors (McDonnell-Douglas, North Américan

:Roékwell),' The ground rules thereby obtained and used Were:

o Minimize astroneut effort and fime to repair/ replar;é
- Minimize special training reqﬁired |
- Use ' ;:aiative mounting hardware
- Avold loose hardware in zero "g"
o- Minimize use of tools
- Avold ﬁpplication of unbalanced forces
- ‘Use no "Bpeciél" tools
- 0 Design f'olrr handling by one man
- .Cai-l;ying handles
- Weigh£ Limit (40-45 1b. on earth)

- Maximum dimension limit (baaed on mass considerations)

Y,



o Avold genemtion of excessive gas preésure |
- Mo venting of gas (HE’ 02) or electmlyte (KOH) to cabin
o Prevent shock hazard to astronaut

o Prevent ‘damage to module from dropped tool

L.h Miseellaneous Considerations
| -Several studies conducted, or in process; by Grumman énd otheré
have shown the desirability to design for maxiﬁmm phys:l.cgl- compatibllity
among the various electrical and electronic componenté ﬁsed in
Space Station build-up. Thus, it was decided early thet, ideally,
a complete battery with assoclated charge controller, c;rcﬁit pPro-
| ;cection, and data handling equipﬁent should be mounted together in
& rack, 'Among the in-house programs whose outputs affected the |
"module design in this way were:
o NASA/MSC Contract NAS 9-10411 - Evelustion of New Approaches
| to Packaging of Power Assemblies for Use in 8 Spacé Ehvimnmen‘t '
o NASA/MSFC Contract RAS 8-2L690 - Development and Verification
Of Space Replaceable Housings and Packag:l.ng Criteris for
Flectrical and Electronic Hardware |
© NASA/MSFC Contrect NAS 8-27775 - On-Board Monitoring and
,Management of the Spece Shuttle Electrical Power Syatéﬁ
¢ ©Solid-Btate Power Mansgement System - Gruman Adva.nced
Development Program
¢ Standard Modularize@ Pover Conditioning Electmrﬁcs = Grummen
Advanced Dévelopmeﬁ£ ngram A |
Additionally, technical interchanges with the Pha.se B Spece Station

Study contractors supported this concept

De



5.0 MATERTATS PROPERTIES

5.1 Packaging Ms.i_:.erials
| ‘Primary consideration wes given to:
¢~ Thermal properties
¢ Btructural properties
o Weight limitations
0 Economical fabrication
o Corrosion résiat&nde
- During manufacture
- During integmtion and prelaunch
o Compatibility with other meterials
- Electméhémical |
- T_hermal expansioh
0 Electrical insuls.tioh
- Cell-to-cell
o Potentiml safety aﬁd/or handling problems

fS. 1.1 Structural Materisls

Candidates for the nhdule' structure were finally reduced to

- .' three classes: .

o Beryllium and ité ‘ailoys(f' (Lockalloy)
o Magnesium alloys
0 Avuminum alloys
Of these ’ 6061—T6 aluminum was finelly chosen based on the
" properties described below, and shown in Table 5,1-1,
5.1.1.1 Iockalloy |
| The beryllium aa.llo},r geriously considered was ;ocl:alloy, an
alloy of beryllium and alminmn.. It combines the duct:llitv of

‘eluninum with the high strength of beryllium, resulting in good

- ,fabmcation (machining , foming and Welding) pmperties with &

6.



strength-to-density retio only 28% below that of pure beryllium,
Tt exhibits the highest thermel conductivity-to-density ratio of
any structural material oonsidered, :

The mejor disadvantages of Lockalloy ere:

o Safety hazerds in fabrication

o Limited availability in widely varied forms and sizes

o High cost

o Unknown -and/or uncertein corrosion properties
Berylliosié , & lchronic, severe lung dlsease, can be caused by
inhalation of beryllium particles, These would be pregent during
any machining or finishing op.eration, -necessitatiﬁg uge of a controlled
enfimment and, possibly, e;ccessively cqstly shieldiné fof the -
operator, Fu.rthermore, Lockalloy is a falrly new materlal, As
such, many properties are "unhhown, and, even vhere data have been -
published, ché.nées la.Lr'eA occurring constantlir. This newneas__‘ elso results
in availebility iim:l.tations of forms and _s:[zea » and 'hiéhi |
lé.osﬂ noted‘above. |

5.1, 2 Magnestum Alloys

The alloys evaluated (as listed in Table 5.1-1) are available
in virtually ell forms and sizes. Although lower in actual yield
“strengt_h and thermal conductivity then the others, magnesium aliéys
have strength-to-density and thermal donductivity-to-density retios

compe.rable to. those of the aluminum group. Fabricetion a.rid welding
pmperties are genemlly good to excellent,
| Ma jor disadvanta‘ges are relatively poor corrosion |
: character:lstics , &nd the high activity level of magnesium (electm-'
~ motive potential is -1.6 V, placing it at the anodic end of the
galvanic series) The resultant requirements for spec:l.al coatings

far magnesium alloys , and pmhibitiona on coupling to other metals

Te
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.(especially those below magnesium in the gglvanic_aeriea) except
aluminum make‘these alloys difficult to handle., Among cther reasons
for rejecting these alloys was the }:act that the Lunar Module all-
welded batteryrmodule, fabricated from cast magnesium, had fetigue
failure problems. .

5.1,1.3 Aluminmmm Alloys

While most aluminum alloys are more dense than eitﬁer Lockalloy'
or the magnesium materials, heat treatment yields strength-to-density
ratios aimilar'to_the latter, and often exceeding the former. Most
of these alloys have good to excellent workability end weldability
properties, Highly stable, adherent oxide filnm ‘can be developed
by an anedizing process, and provide excellent corrosion reaiatance
and good dielectric properties, while retaining excellent therual
conductivity twhich 1s better than magnesium in any ease). Gelvanic
corroeion resistance 1s inherently high, since aluminua 1s less anodic
‘ than magnesium, resulting in safe interfacing with a variety of

dissimilar metals,

, The alloy'chosen, 6061, in a T6 temper, exhibite an optimum
combination of high strength, good corrosion resistance, high thermal
conductivity, fair workability, and excellent wveldability., Further-
more, a wealth of experiénce in handling this alloy is available,
" both in-house and elsevhere, Finally, although untreated & Jumi num
_is extremely susceptible to KCOH (the'electrnlyte used in nickel-
cadﬁium cells),‘hard—coat anodizing will prevent any serioue corrosion.

problem from arising.

5,1.2 Encapsulants
- The Selectea design utilizes a potting eompound to encapsulate -
. the cells within the module structure for two purposes:

"o Provlide high_heat transfer efficiency between eell and gtructure

9.



-0 Provide giectrical insulation cell-to-cell to-e.n.roid intra-
" modular shorts and consequent destructlon of the cells
The chogsen material must 'fill all voids betweer the cel]_. case
and module structure, and, in eddition have the follnwi'ng propertien:
o Thermal conductivity 2 0.5 B.PU/hr._-:t‘t.-oF |
o Viscositir £ 30,000 centipoise (preferably less thé._n 10,000
centipoise)
o Cure at 110°F maximum
o Low outgaésing a.nd‘ shrinimbie
o Low coéfficient of thermal expansion relative 'bo aluminum
0 Crew compatible, after curing, in a Space Statlion envirorment
Three g:andidate ma‘l:.éria.ls were subjected to detailed evaluatlon:
o Stycast 2850 FT fEmerson and Cuming Incorpdra‘béd)
o .Abletﬁérm_7-3 (Avlestick Leb, Incorporated)
o Delta Cast 153 (Wakefi&ld Engineering, Incorporated)
‘ Stycast 2850 FT was chosen based on 1ts previous gqualification
on the Lunar Module pmgram, end the evaiuation results noted below,

A faxture and dummy cell were designed and fabricated

to develop a reliable encapsulation procedure. -

This fixture, shown in
Figure 5.1-1, is & five-sided box made of clear plastic (plexiglas).
Sides and bﬁsé are bolted together for each test, and may be dis-
aSseﬁlbled by unbolting, Mold releage was used %o coat the dvnmy
r‘celll and flxture lnner wans 1|:o pemit evaluation of fhe encapsulant
after dissssembly. Each compound and/or procedure was obsérved
through the téﬁnsparent walls for such qualities as flowability,

‘. ‘leveling and bubble entrapment,

10.
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5.1.2.1 Evaluation Results

Both Stycést 2850 FT and Delta Cast 153 performed very well,
-The former.hsid good flow characteristics when cat&lyzed, outgassed
well, and had a pot life-'of at least 30 minutes (long enoﬁgh for
the intended usg). The Delta Cast was essentlally ldentical.

Aside from the qualification for IM noted above, the following
' reasons were used 'bo justi_fy' selectioﬁ of2850 T over Delt}a C_;c.lst 153:
o Flemmability and ou'tgs.ssing requir_ements for ma.ﬁned space

use is is.h*eady;pmven ‘

0 Actual date conflrming thermal conduétiﬁty (0.5 BrU/hr.-£4.-°F) ig
| alreadj available |
| While the manufacturer cia.:l.ﬁls the sa.m_e- chaﬁcteristica for Delta
‘Cast 153, the clalms are not currehtly., s@ﬁorted by o‘bjective datsa
or experience i.n another manned ajpace progrem,

Abletherm 77-3. .pllwovgd unacceptable., Pot life w:s only 8 to 10
ﬁinutés wheﬁ the né.téria.l_ was mixed and handled in accordance with

the manufacturer's recommendations. This time wa‘é deemed inaufi_'iciént

‘ f‘or the intended use,

. :‘5._1.3 Cell Interconnections
l The mat-e.ria;i_'chds'en was high condu;:fiv'ity copper in gcc_:dfda.nce
with Federal Sﬁandard. QQ~-C-5T76, The stre;ps are nickt_ai pia'.ﬁéd for
gjﬁtimm corroslion protection per QQ-N—292 CL2, Type _VI. )

The bnly alt.e'rnate. considered ﬁas alxmiih_um. Thia.'wa's' re jected
A;as_ 1t épuld; not .be‘ protected égginst KOH a‘bta.ék wi‘bhouﬁ some form

" of oxide coating, which is an eléctrical insulator.



5.2 . Thermal Properties of N1-Cd Cells

5.2.1 Physiceerroperties

A literature search was performed early in the program to determine
the thermal conductivity and specific heat of nickel-cadmivm cells,
This information ﬁes oeeded to -establish the cell thermal math model
'po be used in therpackaéing optimization studies (see Section 6,1).
Since much experimental work had already been done in this field by
other Investigators, new testlng under the scope of the present con-
tract was not contemplated, Instead, 1t was decided to determine
the magnitudes and variability of the numbers reported in the 11terature,
and investigate their effect on the packsge optimizetione making
conservative assumptions vherever a choice was needed.
| Table 5.2-1:(e),illuetratee the range of thermal conductivity
‘values reported for 6 to 20 AH prismatic ﬁi-Cd cells,” . . .
"As can . be seen in the table, the variation from minimim to maximum is
considerable 1lluetrating both the difficulty in obtaining accurate
7_.'test results and the varietion of construction paremeters from cell to

"cell No values for thermal conductivity 1n the terminal to cell
bottom direction are reported in the literature - due primarily to phe
experimental diﬂficulty‘caused hy the presence of the terminai on the
| cell’s heeder. In the msth model, 1t vas assumed that the conductivity

in this direction ‘was equal to that in the parallel to the plates
direction, _:

Table 5 2-1 (b) presents the range of valuee reported in the '
11terature for the average specific heat of Ni-Cd cells. As can be
;seen, the reported values very widely.

Theae large variations in the velues reported for the thermal
propertles of_Hi-Cd cells represent one reason for decidiog to _
conduct %he peckeging oppimizatioo.studies uaihg-steadr stete rather
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TABLE 5,2-1(a)

Ni-Cd Cell Therwal Conductivity

Conductivity (cal/sec.-cm-°C)

Max.

Direc¢tion | Min, Max, Min, ¥ 100
Normal 0,0020 0,0086 L430%
Pargllel =~ 0,0055 0.126 2290%

Top to Bottom: .not reported in literature

TAELE 5.2-1(b)

Ni-Cd Cell Spetific

Heat

Min. (cal/em-"C) | ‘Max; (cal/gm;oc)

0.20 | _ ‘-0.38

‘llll-. -



than transient thermal aﬁalysis technitiu'es.

Se2.2 Ni Ccd Heat Generation

Zince the module design phase proc.eeded in parallel with the
cell development phase of the program, no actual calorimetric data
for 100 A-H size cells existed initially, It was decideld‘t.o use
extrapolated 0AC cell (20 A-H) chs-.racteris';:ic date to estimate the
. heat generation rates which could be expected from the 100 A-H cells.
Table 5.2'-2 shows these average expected heat gengra.tion rates
during chafge -and"dischafge vs, depth of discharge and 'Eype of charge
control, Of parficu]ar interest is the 50% DOIﬁ, voltage limit charge
control case. This. case was selected ms fhe desigri poir'ﬂ: for pacicaging
optimlzation studies since it 1s at _’che most severe end of the operating
range thermally, |
A calorimetric test program, inciu'ded in thé scop.e.o_f the cell
development effort, was esté.blishéd to pmvidfe'heat g_éne;‘gtion rete
- date for the final design cells. These data will be iné@rporated into
I;hase TII of the module dévelopment program when they becdne avgilable,
| 'ﬁhe rate at which heaﬁ i1s llberated during discharée corresponds
to a da.rk period of 36 minutes. The charge period is 58 minutes,
S:ane 'bhe selectlon of an optimum charge control scheme is another
.parallel effort ta the cell packaging phase of the’ pmgram, estimates
for heat genera‘tior during charge were made for various- generic types
of charge control. - "Auxiliary Electrode Signal Cutoff" 1mplies that
~the signs.l from an auxiliary electrode is usad to: teminate charging
‘ - at a state of charge les__s than 100%, precluding eny ope.j_mtion whatso-
ever in the o'}ercharge regiﬁn. Such a schéme, were i.t feasible ,ﬁould re-
sult 4n +the: lowest heat generation during charge. "Amd.liary‘Electmde
.3' Signal Limit" control 1mplies tha't the signal from an aux:l.liary electrode
-would be used to indicate that 100% state of charge has been. reached.
) ': This signa.l ia presumed to be sensitive enough to 1:Lm1t operatiou in ‘
' 15. o _ , ¥



the overcharge regime to a minimum, | "Voltage i.imit" impiies that &
| .predetermined maximun voltage vs. tempe:ﬁture and charge rete relatlonshlp
exiaﬁa whlch wili permit cutting the charge rate back in lpz-eset
1ncremenfs wheﬁ_ever the 1limit voltage is resched,

The lapt case was conservetively assumed for the thermel studies,.
It was left to Phgse 1T of .the module development to re-exsmine this
assumption in light of the performance data on third ele‘ctb.mde charge

control, which is expected to be available at that time,

_ '16.



£

TABLE :5,2~2

Estimated 100 A-H Ni-Cd Cell Heat Generation

Cheracteristics
: ) r
Depth of Q Discharge, Q. Charge Watts
Discharge Watts Voltage Limit Awxtliery Signel Auxiliary Signal
% : Timit Cutoff

12 3.63 4,07 3.50 ~0,

30 8.75 ’ 10,00 | 8.60 D,

50 14,00 116,45 1%.15 - ~ 0,

17._ |



6.0 MODULE DESIGN

6.1 Thermel Design

The selected design is "Alternate Concept No, 2", Figure 6,1-19.(page 43).

This desigﬁ meets the desired maximum cell temperature (68°F) under

the thermal environment conditions shown in 6,1.1 below, Cell to cell
gradients are also minimiéed, end weight penalty attributable to thermal
control 1s less then 6 1b,. . Approaches,analytic techniques snd candi-
rdates studied are given In 6.i.l through 6.1.3 below.

6,1.1 Thermal Design Approach

The goal of the module's thermal design is to contrel the temperstures
of the cells to no lower than 32°F (0°C) and no higher than 68°F
(20°C) over the entire range of electrical operating regimes and
thermal enviromments which can be expected in an Barth Orbital Space
Station. In addition, the maximum variation of temperature among
the cells should be less than 8°F (‘50 c).
The assumed module thermel enviromments were derived from space
Station prime contractor studies and ere summarized below:
a. Pressure: O to 14.7 psin
b; 'Air temperature: 65 to T5°F
c. Bulkhesd temperatures: L0 to 105°F
d., Active cooling for battery (water loop)
32°F (minimum)
40°F (nominal)
55°F (masxdium)
30 pounds per hour per meodule
e, Gravity field: O to 1 g
Of the items in the 1list above, both the maximum coolant tempera;ture
and flow rate assumptions made for the study require further elaboration,
Working under the orlginal terms set forth in its proposel, Gruman
proceeded with the design of the module assuming & maximum coolant

18,



temperature of 4O°F, Space Station studies at the time indicated
that this was the maximm steady-state temperature to be e@edted
in ‘the battery portion of the ECLS system. Near the start of the study,
cognlzent NASA personnel advised Grummen that at this early stage of
the Space Station's development, a module which could tolerate a
_wider range' of acceptable inlet coolant temperatures would be more
desirable. A th:lrfcy-pound-per-how flow rate and 550 F inlet temperature
was se;t.ected as the worst case con&itions Eo be assumed for the
purpose of a trade~off study of module design al‘t'ernatiireé'. 55° F
was selected for two reasons:. |
é.) it wes ‘i:he maxifnum coolaﬁt temperature which- could be assumeri
and still achieve a reasonable packsge design with e constraint
of 68°F on the meximum cell temperature, a.nd
b) it was a temperature which should be well within the capability
of the ECLS system,
‘Thirty pournds was selected as a nominal @esign flow rate since ‘it

wag & value which kept the temperature rise iIn the coolant along the

. direction of flow to a moderate level. If the module is considared

to be cooled by the aversge of the coolant inlet and outlet temp-

eratures, 1t can be appreciasted that too smell a flow rate can cut

_ dmstiéally into l'the 13°F ('68° -55°F) available tempera‘bui‘e gradient

be‘bween the hottest cell and the coolant 1nle'b ) ‘I'he implications of

these. asalmptlons on the :Lntegration of the entire be.’ctery aystem

. 1into the station's ECLS system will be presented in Segtion 8.0.
These envimnm;ants were combired with the electrical operating

’.regime-s to define "max., cold" and "max. hot" thermal ﬁoriditioha.

‘ ‘Bri‘ef'_ly, the "max, cold" case consi&ers the battery to be in s‘banﬁby

(" floating" ), vﬁth .32°F inlet coolant temperature and LO°F bulkhead

temperatures. Under these conditions, the 32% mindmum cell temperature

19,



re(iuirement 1s automatlcally met.
" The "max, hot" case is the one which dictates the thermal
design of.the module.l The module is a_s-sumed to be cyeling to a
discharge depth of 50% in & 14.7 peia, 75°F air enviromment in a
i"g" field., Surrounding bulkhead temperatures are assumed to. be 1050 F
and the coolant ‘to the module 1s 55°F.

Presented below is a discussion of the trade-off study performed
to select the recommended module design. The analysis technigue
used, the configurations exsmined and e comparison of the candidate
designs igs included, |

6,1.2 Thermal Analysis Technique

Maximum use was made of & Gmmman. deveioped themlal. analysis
program, GTA-1. This is a Fortran IV progrem for the IRM 360/75
system for solving heat transfer problems by the "lumped persmeter"
(nodal analysis) technigue. In this method, one makes the assumption
that a heat transfer problem can be represented by an analogous
. network of thermal conduc’bdrs and- thermal capacitors. Within this
‘network, the distributed heat capacitance of the,.oh,ject is concentrated
~or "humped" at discrete nodes and the distributed condﬁétance is
concentrated in discrete -oonductore‘: connecting the nodes. Any area
which may be considered _isothe'imal may be used 8g & mode in 'su;:hl 8
‘ petwork. | |
The solution of & heat transfer problem 1s thus ieduée’d to the
“solution of 1ts analogous network, 'The program performs a heat balance
6n each node s;nd. uses the numericael method of forward differences to
'_d‘etemine the téﬁperaturé dlstribution in fhe network at an incremental
"fcime in the futu?e based on .the‘ present temperatures and heat generetion
sources within the network. R
Dépendiﬁg on the pmblem requireménts ,‘ Oone may obﬁiu either a-

temperature history of each node or only the final teﬁpexﬁture dis~
) e, . _



tribution, Hence, either‘"transient"'or "steady state" hedt transfer
problems can be treated.

The approach taken in the packaging study was to create an
analagous nodal network for each candidate configuration and in-
vestigate the effect on the cell case temperature distribution by
‘varying the thickness of various thermel paths., By taking adventage
of the symmetry of each configuration, only & fraction (typically i)
of the'four cel} module required simulation. The math model givén in
the flgures described below is for one of the early packaging concepts
(subsequently discarded) but serves as an 1Nustration of the method,

Figure 6.l-l.§hows the portion of the module simulated by the
_model. Flgure 6.172'gives the detailed nodal breakdown dsed in the
analysls,

Nodes 1 through 6 represent the mese of ¢ne half cell #1
_(excluding the case), The nodes are interconnected by thermal con-
ductors whose value 15 based oﬁ the values of cell dondﬁctivity'
(parallel and normal to the plates) reported in the litérdture
" (see Section 5.2). At first, both the neximm and minimum velues of
conductivity were used to see thelr gffect on the cel; cdge

temperature disfribution. Those valuee which produced the worst

- distribution (minimum reported conductivities) were conservatively

‘*'assumed in all later studies. The hest generated in the cell is

assumed to be distributed in nqdes'l-tﬁrough 6 in‘direct éroportion
,with their respecfive masses (nodes 1, 2 and 3.each represént 1/18 of the
cell while nodes L, 5 and 6 each represent one ninth of the cell)

| Nodes T through 30 represent the 0,031 inch thick 30k stainless
stegl cell_qasei The nodes ere interconnected with cpnductors whose
'ﬁaiueg are baéed-on'fhe condﬁctivity'of 30k stainless ms reported in
‘fhe,literaturet The case nodes are connected to the plate hodeé by
dqnductoré calculated from the dppropriate pdrdilel-ﬁo—thé-plates,_or

' 21, | ' '
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normel—to-tne;plates cell conductivity. The heat path from the plates
to the cell header through the tabs, terminal, ceramic seal, etc,
. was conservatively omitted,

Nodes 31 tnrough 50 repreeent the aluminum conduction fin which
carries heat from the broed side of the cell to the sidewall of the
; module. The nodes are interconnected by variable conductore whose
7 initial value is calculated based on a material cond.uc’l:.:hafi'l:.yr of
- 100 Btu/{hr.-?F-ft. )and materdal thickness of 0,025 inches. These
conductors are.panametrically varled in subsequent runs by multiplying
“the initial values by & constant; thereby effectlvely varying the Tin
thickness., The‘fin nodes are connected to the cell case nodes by
_conductors whoee values simulate the conduction across a Kepton tape
and potting interface. A ,001 inch layer of Kapton (k = 0,1 Btu/
(br.-°F-£8)) and oso inch thick layer of potting (k = O, 5 Btu/
(hr,-° F-ft. )) was assumed.

Nodee 51 through 100 are the corresponding cell, cell case,
-and aluminum fin nodes for cell #2,

Nodes 101 through 112 represent the module's aluminum gidewall,
They are interconnected by variable conductors whose initial values
are based on a conductivity of 100 Btu/(hr.- F-ft.) and. & thickness
of d.OSO inches. The thickness can parametrically be varied by
‘nuitiplying tneee-conductors by conbtant values other than unity.

Nodes EQO_throngh_EOh represent the coolant- {weter) flowing'in
the module's coid ralls. Node 200 was asetuned constant at 55°F and
_the flow rate ves 15 pounds per hour per rail (design values).
| _Nodee 107 and 108 are connected, respectively, to nodes 201 and;
;Eb3 by conductors representing the f&ange root to coolant,condnctance.
fThe design value aesumed for thie conductance was 2, 5( F- in.)/watt

It wese deeided that the large variance in the reported material
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property of Ni-Cd cells (cell conductivity, specific heat).and the
lack of dmta on the orbitel heat generation rate characteristlics of
iOO A.H gize cells made 1t lnadvisable to attempt tmnsieht thermal
é.nalyses of the candidaté medule configuretlons, Ra.the;', 8 conserve.-
tiveiy egtimmted average c;rbital heat generatlion rate wes assumed
(Section 5.2) ana a steady state technique was utilized,

This appxﬁach permitted a comperison of the pa.ckaéing deslgns
ot & equsl basis and the timely selection of a recommended design.
The aseumption that a.conservatiwe, steady state
analysis would be as é‘tringent a requirement as a traneient analysis

was later verified during thermal tests on the engineering module.



6,1.3 Candidate Configurations .

Both the limitations in allowable cell to coolant temperature
rise (13°F), and the desirability of minimizing intra- and inter-cell
gradieets within the module, limit the mmber of.practieal thermal
control schemes available. Preeenﬁed below are the schemes most
seriously considered.

Figure 6.1-3 shows the original baeeline deslgn coneldered early
in the program (its no@al mddel was used as an illustretion in 6,1,2).
Though only suitable for low temperature cooling (LO°F), and therefore
no longer an adequate concept, it does serve to Illustrate a discussion
_.of the thermal pzobleme which are confronted when attempting to package
large size cells, |

As can be seen in Figure 6,1-3, the heat generated within each
of the four 100 A-H cells ie traneferred through the broad faeces of
the cell {across a thermal interface composed of dielectric tape and
encapsulant meterial) to thermal fins adjacent to these fecee. |
": This heat is then'traneferred along the thermal fins to the sidewalls

- of the module (acroes a welded interface), along the sldewsalls to

) the mounting flanges, and from the mounting flanges (thrcugh a bolted
interface) to cold rails. In addition, part of the generatedrheat is
transferred from the narrow faces of the cell (acroee7e thermal
interface com@oeed of dielectric tepe and encapsulant material )
- directly to the,sidewalle. No use is made of the.tenminal (header)
and bottom endsfof the cells since the thermal path lenéth from these
'surfeces to the cold rails 18 too long to be effective,

Ueing the analysie technique described in the preceding section
Flguree 6. 1-h through 6.1-9 were generated to 1lluetrate the relative
‘ contrlbutions of the various thermal paths to the overall cell to |

coolant temperature gradient.
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Flgure 6,1-4-shows the effect of flow rate on the temperature rise
iri the coolant from the inlet to the cold rail to & point halfvay

down the cold rail'(Te - T. on Figure 6.1-3). It can readily be seen

1
that low flow rates can substentislly cut into the total allowsble
maximum cell to inlet coolant gradient., As mentioned éarlier, a 30
pound per hour module flow rate was assumed, |

Figure 6,1-5 shows the effect of flange and cold rail design
(s represented by the overall flange root to coolant unit thermal
| resistance) on the flange root to coolant gradignt'(T3 - T2 in Figure
6,1-3). This resistance is.a function of %he flange dimensions, flange
material, flange flatness,  flange surface roughness, bolt spacing,
bolting torque,ﬂinterfaqe material, cold rail flatness, cold rail
surface roughness, cold rail meterisl, cold réil_thicknesa, tube dia-_
meter and internal tube extended surface design, WithinAfhe scope
of the presgent ﬁrogram, it was &gsumed that g IM type cold rail #ould
be used. Aaéuming a‘rgoptimizgd M co}d reil, silicone gréaae inter-
‘ fﬁce, flange flatness requirement of 0.016" per fbof TIR, flange
roughness of 63 fginches; two-1inch “bolt spacing, and bolt torgue
.‘éf 35 in-pounds, & root to coolant resisfancé.of.2.5°ﬁ-1nch/ﬁatt'
- should be obtaihable. However, as can be seen in Figure 6.1-5, even
7_ g 'resistance of 2}5°F-indh/watt would rgsult in‘é 10°F ruot‘tb eoolant
gradient, - ’

Figure 6.1-6-shows the effect of fin thickness and cell to éide-.
ﬁgll toleranﬁe gaﬁ on the gradient between the center tﬁe:mal fin
and the averageffiange root (Th - T3 in Figure 6,1-3), ‘Iﬁ the ana}ysis
1t was assumed that the tolerance gap would be filled with a thermally
| conductive (0}5‘Btu/(hr.-ff.?gﬁ)encapsulant material. Aszéan be seen
in Figure 6.1-6, the difference between even a large filled gap and

. any wnfilled gap“is quite substantiel in temms of required-fin thiékness.
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Figure 6,1-7 shows the effect of sidewall thickness on the axial
gradient within the packege. Assuming e 30 pound per hour flow rate,

the inlet to outlet coolant gradient (TT - T, in Figure 1) would be

1
“approximately TDF. For very thin sldewalle, this would mean the
| temperature variation.!&nm'the iniet to outlet cell would be EOF
‘(since conduction through the cell stack iteelf is poor). At lover
flow rates this cell to cell variation would become very large

(see Figure 6,1-4). However, as can be seen in Figure 6.1+7, the
percent of cell to cell gradient vs. coolant grﬁdient rapidly falls
off with increasing Sideﬁall thickness, |

Figure 6.1-8 illustrates the effect of cell case distorﬁion on the

‘maximm cell case to maximm thermel fin temperature gradient, The |
design of the thermal fins is such that the themal effect of small
variations in maximum overall cell thickness (b;oad face . to broad
_'-face) can be eliminated. The problem that cemnot be evoided is the
residual distortion 1eft in the face of a cell after welding and after
‘packaging (applying compressive load to the cell atack) This

©  distortion leaves gaps between the cell and fin which must be filled
-l_with encapsuiant materia1, which, at best, 1e & poor tﬁerﬁgl conductor,
Figure 6.;48 can thus be used to relate the degree of'@iétqrtion in
. the cell face to. increase in cell temperature. Thié in ﬁurn can be.

" related to fin thickness (end welght) via Figure 6,1-6,
Flgures 6.1-4 through 6.1-8 illustrate the effect of coolant flow
: rate, flange and‘cold rall design, fin thickness, side wall thickness,
and dimensional‘tdlerances on the thermal gradients within a battery
mpdule. The.figu:es are,. to é small degree, an overé;yplification
of the total effect,of these parameters on the thermai gradients.in
the package gince there are actually second order interactions between

'  these parameters which have not been ‘shown, For example,,Figure 6.1-9
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illvstrates the second order interaction of sidewall thickness on
the maximum fin to flange rdot gradient, This interaction was not
shown in Figure 6,1-6, Similarly, the assumptions made on cell thermal
conductivity have a small effect on the fin to flange gradlent. A
study was conducted wherein the thermal conductivity was assumed to
vary by approximately 2300% in the parallel to plate direction
and 340% in the normal direction (based on variences of values re-
ported in the' literature as described in Section 5.2) with very little
effect on the thermal gradient,

This baseline packaging scheme was adequate forr relatively
low (i.e. ho°i‘) coolant inlet temperatures, but was not .a&aptable
to operation at higher (55°F) coolant temperatures. This lack of
compé.tibility with higher coolant temperatures is due to the inherent
inability of a .flange-cold rail mounting system to fulfill simultaneously
the requirements for high heat rejection rate per incix of rail (approx-
imately 4.5 watts/per inch in our bﬁseline design) and small thema;l
gradient from flange root to coolant. Even with ai‘flé.nge-mot to

OF-inches ,
coolant resistance of 2.5 wett , an 11°F gredient would result
due to the baseline design's short contact 1ength.with the rail,
Since the flange root to coolant resistance is only one of five geries
thermal paths beﬁween the coolant inlet and maximum cell temperature,
such a large gradient would meke it impossible to maintein cell
teurperatﬁres below 68°F with inlet coolant temperaturé as high ae
55°F,
oinée 2 battery module capab.le of accepting a wider range Aof coolant

temperature was desired, further development of the baséline design
wes stopped and a étudy of alternate configurations was instituted.

Figure 6.1-10a'£hmugh 6.1-10¢c illustrates several interesting
concepts first considered, In 6.1-10a, although the flange to coolant

thermal path has been lmproved by doubling the length of-’ﬁhe packege,
. 30 ' :



; i
ﬁhe fact that heaﬁlis only removed through one broad face of
each cell would cause an undesirable teﬁperature gradient to result
- across the cell, |

In 6,1-10b, the length is egain twice as long &s in the baseline
design, but relatively thick (0.25 inch) thermalg conduction fins
(when compared to other schemes) would be needed to meet the température
requirement, 4

6.1-10c 1s & design similar in construction to the baseline,
except that the' use oflsquarelplanform.loo A-H Ni-Cd cells was con-
sidered, In addition to doubling the length of the package (and thus
reducing the watt denslty along the-rai;), the cell to sidewall contact
.area more than doubled; increasing the proeportion of heat diregtly
entering the sidewsall rather than taking the higher resistance path
along the thérmal fin, Although detalled themmal snalysis showed
this 1a§t design to be very attractive, it had to be dropped since:
a) it was bagéd upon a type cell which had never been built, nor
funded for development; and b) other concepts appeared capable of
meeting the requirementid equally well,

Two configurafions evolved which were worthy of detailed con-
slderation, These twé are dlscussed below.‘

‘The first is a package geometricallyrsimilar to.the Baseline
degign except thatlﬁne entire surface iz mounted to a flat cold piate,
This design is illustrated in Figure 6.1-11 and 6,1-12, The cells are
arranged broed side to broad side with thermal conduction piates between
tﬁem. The.heat‘generated within a cell is transferréd through 1ts
broad sides,'acroas‘a k&pton tape and epoxy Interface to the thermal
conduction pletes (fins). The heat flows down the fins to the base
plate through a brazed or welded interface, and from the base plate

to the coolant across the cold plate to base plate interface. In
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addition, aome.heﬁt is transferred directly from the bottom face of
the cell to_the baseplate, and from the narrow sldes of the cell to
the sidewalls of the module and thence to the base plate,
Figures 6.1-i3 thropgh 6.1-18 show the contribution of each of
the thermal flbw‘paths to the overall gradlent between meximum
celd temperatqré and inlet coolant temperature. As can be seen in
‘the figures, the'controlling thérmal resistance is no longer at the
coolant interface (as in the baseline design), but is noﬁ from the
f%op“ of the thermal fin to the base plate (Th —-TB)J Assuming a
30 pound per hour flow rete; 300 Btu/(hr.-ft.§QF) baseplate to coolant
‘conductance, and a 0.050" epoxy filled gap between the fins and the
cell faces; a 5°F (maximm) gredient in Figure 6.1-15 could be toler-
ated for & 55°F inlet coolant femperature (see Table 6.1-1). Because
4qu the larée height of thé cell (7.3 inches), & 0.25 inch fin and
,:O.é5 inch bﬁseﬁlate thickness would be required to achieve so small
' tE temperature'difference.‘ The fin, bese plate, and cold plate weight
‘required for thermal control {assuming 6061 aluninum) would be approx-
fimately thirteen (13) pounds. (Table 6,1-2) o
| The chief advantage of this.design is that it is compéct, almoét
-cublical in éhépe, minimiﬁing the module‘s volume, It has two principal
disedvanteges. - The first is its relatively high thermal control
weight.‘ (While the fin weight could be reduced to some extent by
ﬁhe‘use‘of internal heat pipes in & honeycomb plate, this 1s not
:. presently reédﬁménded due to the orientatlon consfraints,thereby
imposed, and the ‘added complexity and cost of module f_abrlcafion.)

'rThe'sécoﬁd(disadyantage is the large baseplate to cold plate surface

'.f area (80 square inches) required for mounting., The largér B package?é

'NVE ‘eriticel thermal interface, the more ite stringent flatness and roughness

. ;rEquirementa‘cbmplicate'its fabrication and increase 1ts cost.
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Table 6.1-~1
Flat Cold Plate Cooled Battery Module:

Fin and Baseplate Thickness Determination

AT = 3.5°F‘(30 1b. /hr. £low rate)

"“CAT

1-2 , .
' j'4T2_3 = 2.0°F (300. BrU/hr.-ft? °F baseplate to coolant conductance)
A, = 0.TF (0% 0tAT, )

A-T5_6 = ZIl..rloF (0.050 in. (max.) fin to cell epoxy filled gap)

7.3°F (not including enviromenté,l_ input or & T3-J+) |
0.7°F (10% tolerance to include enviromnmental input)

AT ptot.8.0°F {not including &'T}“h)

Lig

o .
Tma.x. cell 68°F (design requirement)

]

Thax.. inlet - 55°F (design réquirement)

coolant

‘ , 0.,
A Ttal - 13°¥

3-4 (allowable) ~ 13.0-8.0 = 5.0F

From Figure 4: Sidewall thickness = 0.050" (6061 aluminum - structural
- . , ' requirement )
Fin thickness .= 0.250" (6061l alumimam) -
Baseplate thickness = 0.250" (6061 aluminum)

bo-



Table 6,12

Flat Cold Plate Cooled Battery Module:

Weight Determination

, _ : L -
~Asidewalls = 2x7.3x1.95x L4 = 114 in,

‘Abaseplate = T7.3x 4% x1,95 = 57 in.2

[

: _ _ 2
. Afins = 8x 7.3x 7.3 = 426 in.

. | 3 ;
Votdewalls = Agidewary X Sidewall thickness x 0.1 1b./in.> (6061 alumlnum)‘

wsidewalls = 11k x 0.050 x 0.1 = 0.6 1lbs,
W,.. = A/ x fin thickness x 0.1 lb./in.3 (6061 aluminum)
fins fins
W = 426 x 0.25 x 0.1 = 10.6 1b. |
. fins
L 3 ,
WbaSeplate = Abasaplate X baseplate thickness x 0.1 1b,/in.” (6061 aluninmm)
.  ybaseplate = 57, x 0.25 x 0.1 = ‘1,4 1bs.
o Wiotar T 06+ 106+ 1.k = 12,6 1bs. (55°F coolant inlet)
- 3[w ldplate (IM type) = 1,0 1b/ft2 x 60 in.2 = 0.4 lbs.]
L coldplate . T e
E Th

L1.




" The second packaging approach ylelds a long (30 inch) , harrow
(3.5 inch) module, dubbed the "flat pack". The "£lat pack" is a cold
rail mounted design, 11lustrated in Pigure 6,1-19. The cells are
arraﬁged four-'-in-line. with their plates parallel to the cold rails.

The advantege of this geometry i1s that the contact length with the
- cold ra.il reprr:t'agérits a Tour fold increase over the baseline design.
. ‘The flange root to coolant temperature gradient is therefore
B ‘_“greatly reduced due to the lower watt density along the flenge,
In addition, no :I,ntérnal therﬁal ffins are required due to the direct
 thermal path from the cell to the sidevall; and minimal sldewell thick-
"‘nesses afe needed since the flange 1s located midway up the platel stack,
‘ Figﬁres 6.1-20 through 6,1-24 show theé contribution 6f each of
7£he thermal flow paths. to t_l;le overall cell to inlé"t coolant temperature
‘:gre_idient. | Assuxﬂing a. 30 pound per hour flow rate, 2,5 fQF-in/wé.tt,‘
'flaﬁg'e i'oot‘to coolant thermel resisgtance and a 0.050. inch epoxy
‘j_fille'd gap beﬁéen the cell face and module sidewe_;il, e 3;60 P (maximum)
'._témperature..gra_dient between the ce]_.l face and moduie aidewall
' could be allowed in Figure 6.1-22.-(sée Table 6.1-3). A& 0,085"
rsid_‘ewaii thickness wo.uld be reguired to achleve this ltempemture-
.- Ad.i_ffe"rence. 7 The total thérmal' contml welight a‘ttributé.blé to

. sidewalls, moun*:.ing flhnsea and cold rails (assuming 6061 aluminum)

7 yould be appmximately 5.9 pounds (Table 6,1-k).

This design 8 principa.l arlvantages are
0 I.ow theml eontrol weight (without the need for intemal
heat pipes)

o S5mall thermal interface area (45 aqua.re inches).

e It only potentia.l disadvantage is the larger effective volume 1t requires

compared to a cubical geometry (appmximately 850 vs, 650 eubic inches)



ALTERNA TE CoNcepT *#2
" FLAT PACK” , CoLD RAIL CooLeD
BATTezy HoDuLE Des:sw

Freuwe €1-12

Tg —MAX SIDEWALL,
TeMP. (ovriey enb)

T, - CooLANT OUTLET

T = MAX, S IDEWALL
TeMP, (mo-P,q CKAGE

| Tz~ AvérAce FLAuGE RooT
. FLAT PACK MoDULE
o N

2~ AVERAGE C.o::;__ﬁw

: cbw RAIL

4

T, ~ CooLANT JNLET

Te ~MAX.SivewaLL

HoUNTING FLA»G: STIFFENED SIDEWALL

4 TENP(ooTLe-re D)/ /
CoLoRAIL .S [ _ /J , . 7 OBLAK T
. / o vy 0 o J -] - PFLow
e | . III’I.II."IIIIII r:;r-rtllrrlrlllzlf p———— e - )
Ts -Max, cect. CASE WY , |
LT H O O O
| + = " ¥
yr - N
9 o o ° } CGC)LHMT,
| , . FlLow _
R’ES‘,i.’-RﬂW!_ﬁG k KAPToN € EPORY RESTRﬂmNG

FoRCE (BoLTs)

FiLLeD IOTERFACE

. b3

Fd RCE (Bol_'rs)



. 2y Apiie s

R4

T&MFFRWEEMF

GLE PASS] .
LD Hiare

!

Pekfvke <




joo : | '
CELL To CelLL TEMPERATURE GRADIENT

g0 EXPRESSED AT PeRCENT oF FLWID
. & 4
GRADLIEVT ) DIRECTION of FLOW
4o VS, SIDE WALL THICKWESS

| " o (15 -1
N o perela) gy e
20 ‘ | b) 6061 Al

o .2 )
SIDEWALL THICKNESS ~ [VCH

FIGORE €.1-Z23

cel FAcE TEHPeRﬁTuﬁE HMUS‘ MAX.
X . SIDEVALL TEMPERATURE *
vs. EinTo CELL FACE
Tol-€RANCE
¥oore v a) Te-Ts v FIGUEE |
b KPa'r'noa‘ @i 5 Hk- FT’ Ty

 TeEMPERATVRE ~°F
N

-0 02 Loy’ cé .08 e a2 : ‘
| CeLL To SIDEWALL 'm.eeﬁpcs N!ucH

P I\GuRE 6 -24%

‘ ‘ Da
‘s, - #xf



"Flat Pack," Cold Rall Cooled Bettery Module:

Ve ight Determination

' _ .2
Asidewalls 2% Te5 % b x 7.3 = k40 in.
W = A x sidewall thickness x O.1 1b /in 3 (6061 aluminum)
gidewalls sidewall * . .

Yoidewalls = 4ho x 0.085 x 0.1 = 3,7 lbs,
L Flange width x flange thickness x length x 0.1 1b./in.> (6061
“flanges -

‘ o : alumirm )
wflanges = 0.625 x 0.25x 2 x 30 x 0.1 = 0.93 1bs.
— (o]

Weota1l = 3¢T +0.9 =14,6 lbs. (55F coolant inlet)

N 0.5 1b./tt. x 30in./ 123 - 1.3 1bs |
" cold rail ¥ e h fH ‘

*Proposed Cold Rail:

b7 05" gy '
0.25"

T 1
P T

0.375 |
oD




Tsub-tot - =

Tmax. cell

Tmax. inle

. Table 6.1-k

"Flat Pack"”, Cold Rail Cooled Battery Module:

Required Sidewall Thickness Determination

3.5 F (30 1b./hr. flow rate)

2.5 F (2.SOF-in./watt flange root to coolant resistance)

. \
1.L°F (40% or T1-2)

1.2°F (0.050 in. (max.) fin to cell epoxy filled gap)
8.5°F (not including envirommental input or T3 1‘_)

0.8°F (10% tolerance to include envirommental input )

9.4°F (not including T3-3+)

= 68°F (@esign requirement)

£ 55°F (design requirement)’

coolant
— 0 '
Teotal = 13°F
T34 (allovable) = 13:0-9.4 = 3.6F
From Figure 4: Sidewall thickness = 0,085" (6061 alumimm)
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6.2 Mechanical Design

As stated In 6.1, the "flat pack" design was chosen. The par-
ticular version selectéd. was the all welded structure Bhowﬁ in Figure
6.2,2, This configuration meets the structural requirements, is within
the welght limits, and is designed.with the necessary thermal constraints
observed. | Studies é.nd analyses leading to this selection are describ.ed

in 6,2,1 through 6.2.3 below.

6.2.1 Mechanical Design Approach

In addition to the requirements, gmun@ rules and assumptions
listed in 4.1, and the material properties constraints shown in 5.1.1
and 5.1.2, the following constraints were ebserved in studying the hase-
line and later configurations:
¢ Minimize. volume
‘6 Minimize structural weight
0 - Constrain u;:ells sgalnst 100 psig operating pressure to _
-pmv-ide maximum safety margin consistent with other-constra._ints
o Provir_ie for the thermal properties given in 6.1
o Provide fc.:r imodule removal and replacement by one (1) man in
zero "g"., | ..
The initial baseliné conf:l.éuration (in parallel with fhe tﬁermal
studies/) » and the subsequent "flat pack" configuration, concentrated on
two appx'c;aches: -
©  Honeycomb structure
o All-wél&ed structure

6.2.2  Honeycomb Structure

This design, shown in Figure 6,2-1, appeared, at first to offer
a most attractive solution to the problem of a viable themal des:.gn with

" light weight and simple fabrication.

. J+8.



The sidewall‘honeycomb sandwich was designed‘using 6061-T6
aluminum alloy, 0,080-inch thick inner fhce sheets (for thermal
requirements ), and 0,020-inch thick outer skins. The inner and
outer sheets were to be adheglve bénded to epoxy impregnated fiber-
'-glass honeycomb core., A mounting flange, approximately located at
_ the cells' centers of gravity, was designed for welding or brazing

to the inner skin. This flange, of 0,25-inch 6061-T6 alloy, conducts

- the heat from the imner skin to the cold rails.:

Aluminmm Bkin honeycbmblspacers weretdesigﬁed to be placed

| between cells, and were to be held .in place by Btructurallbolts.

The latter also ﬁﬁd the function of bresking up the besm length

of the flat pack (31 inches). Sides and bottom were to be fabricated
of thin sheet aluminum to retain the cell encapsulant. A:fiber-

Vglﬁss cover was provlided for safety and,mechaﬁical protection of the
cell terminals. | |

Flange mounﬁing hardware wag to be captive, quick release fasteners

' spaced on two-inch centers for sufficlent mechanicsal édntact to provide
a high thermal conductance interface, Provision was made for bosses

;.on the module to accommodate detachable éarryﬁng handles, Calculeted

“weightAof this design, including cells at 8,0 1b. each, wﬁs ho,9 1b,

A rgview-of this design showed ite iﬁability-to contalin the 100 psig

" maximum internalfcell Pressure in-all directions.. This review demonstrated

1Wthe necessity to design a pressure vessel which would restrain the

cells on all six sides in. order to provide adequate safety margins. .

' *}6.2.3 All-Welded Structure

This design, shown in Figures 6,2-2 and 6,2-3 (photo) is made

o entlrely of 6061-T6 Aluminum, except for the optional protective dust

‘cover. The case is fabricated in nine (9) parts:
o (2) 8idewslls and mounting flanges
b9,
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o (2) End plates

o (1) Bc;ttom plate

o (1) Top cover plate

o (3) Bulkheads (cell separators) with welding tabs
‘The entire assembly, except for the cover plate is tungsten inert
gas (TIG) seam welded together to form a unit structure. Following
this, weld integrity is verified by thedye penetration (Zy-Glo) method.
| Fractures were found on the taikhead tab weids in the engineering
model after proof test, Subsequent emﬂgation by metallurgicel and
élec'tron fractography teéhniques showed insufficient penefmtion of
. the weld lead;l.ng to an overload in the weld nugget 1tself. Details
of thls enalysis, and the resulting recommendations and fixes will be
“found in 7.5 and 10.

6.2.3,1 Design Details -

Experience. gained from the Lunar Module (IM) progrem indicate that
~launch stresses due to acceleration and vibration are 'not thé lim-~
iting factors in the étruc‘tural design. The major load on the structure
' ‘15 caused by t_h'e cell ‘intemlal design pressure of 100 psig, and the
- ..f°1.m factor is dictated by themal conslderations (6.1). Addaitional
c_:pnsidemtions used were: |

o Contaimment of ruptured cells

o Sizing _td accommodate cell dimensional tblerﬁnces,. and
achief«remz;-:nt of reasonable manufacturing cests.

o Use of high thermal conductivity electrical insulation

| between cells and case

o Corrosion protection of case materials
The sidewall/mounting flange parts were each fabricated from
‘a.. single platle using & numerically controlled w1l ing machine. The

wells use "I" gection rib stiffeners for maximm strength with

52.



minimum weight, The mounting flanges were remilled after velding to
the followlng specificationsa:
o Burface -- 32 microinch
o Flatness -- 0,010 per foot TIR
o Parallelism -- 0,005 per foot TIR
End plates and bottom plate were cut from s*t;é.ndard étoak, and the top
- cover plate was fabr:_l.c;ated from 0.19-ihéh thick materiel.
| Provision 1s made in the mounting flanges to use fifteen (15) number
'. 10-32 captilve screws on two-inch centers to connect each flange to
-‘the cold rails, .The top cover plate is attached to the weldment
. with t.hirty-tjp (32){ numbet 832 screws after .the cells are ix place and
encapsulated. | | o
- The cell cavities! internal surfaces were hard<toat anodized In. eccordance
7: l-x;r‘ith MIL-A-8625, Type III. ~ External surfaces were albdinéd to provide
",‘_'both corrogion res'i.stance and ’low thermal emissivity, The underaide
of the top cover pla'be was also hard-coat ém&ized. I't ahould be
noted that the oxide coating reaultin.g from a.nodizing pmvides the
.‘ following benefits: _ .
| 0 Electrical insulation -- dielectric strength of 300 td 560
volts/mil | |
0 High thermal conductivity surface
0 Pxﬁtection from KOH a‘t‘ta'ck
The intercell connecting s‘braps are nmede of nickel-pla’ted copper,
: ':O 090" thick x O 625" wide (see 5,1.3). Each connector strap hasx

:. .‘clearanee holes f_or #8-32 stainlesa steel screws for eonnecﬁion

L to the ééli_ "b&rminals. These holes are on 3-inch centers. Fach strap

o '-ha.s a stress rel:.ef loop in the center, The design considemtibns
"userl were' |

o Ma.:dmtm module steady-state current = 100 ampere
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o Maximm total voltage drop/module = 20 m V at 100 ampere
0 Maximm total dissipation/module = 2 watt at 100 ampere
The strap design yields the following results:

1850 amp/in.2
6

o J

|

]

o r=49% x 100 A/em

o § IR=13mVat 100 amp

o 3 Iaﬁ = 1.3 watt at 100 amp

o Self-heating -- negligible at 100 ampere (=~ 0.00009°C/°C)
The terminal design of the heater cells was such that tightening the
straps into p_iace to achleve good connection ceused a risk of putting
undesirable torque on the terminal and the cell-to-terminal sesgl.

. Details of a redesign to eliminate this problem are given in 10,

A structural analysis was made on the engineering modél. This
' .émalysis is reported in detaill in Appendix B,. The results are contained
in Table 6,2-1, To provide a minimm safety factor of 1.5, 150 psig
was used to cal&ulate the margins noted in the table, As‘ long as all
: results are positive, minimum safety factor requirements are ﬁxe‘t.
-Thé cell divicier weld figure, the smallesf shown, 1s for the present
| stifch weld design. The ultimate design, shown in 10., |
. will have a larger safety fnargiﬁ as an additiomﬁl benefit, as noted

" in the table.

Sh.



STRUCTURAL ANALYSIS

Load - Minimom Margin of
Condition : Iocation and Description Sa.fety Under Load
, | 150 psig Cell di\_rider' stitch weld ( +0.06 |
| Proposed cell divider butt weld (1) +1.6
Cold rail flange bending moment +0,94
Sidéwall "P" stiffener | +1,5
Sidewall membrane +0.3
End plate . : +2,6
Fnd plate weld | +7.8
Bottom plate _ +2,6
Bottom plate weld +18
'I'op. cover bolts - shear stress (bolts) +0,9
~ Top cover bolts - sheai- out of cover | +0.7

(1) As proposed in Section 1Q,

€

55,



6.3 Electrical Design

The module design, using four (4) cells in series, has the following
 electrical chereeteristice: . |
o Aversge Discharge Voltegel= 4.8'volts (to 70% s0C)
¢ Maximum ChargelV01tege (tentative) |
- 6,04 volts at 20°%¢ (68°F)
- 6.24 volts at 0°¢c (32°F)
o Total Energy Capacity ¥ 450 watt-hours
The above are based on the following current retings:
0 Maximm Charge Rate = C/1.2
o Maximm Steady-Stete Discharge Rate = C/l 2
Charging may be done mt the individusl modnle level, or with
several modules in serles or parsllel. While specific charge control

E techniques and levels will be selected from subsequent peiﬂmetric cycle

L ‘teeting, the present scheme using constant current, step-prugrammed by

- temperature modified voltege, and low-level floated by either compensated
'iampere-hour or third (oxygen sensing) electrode ‘aignel, appears to be
."highly efficient (see 8.3). | |

The module ie capable of acceptiné cell mqnitoring end/br reconditioning
¢ircultry by minor modification to the ‘top cover restreining plate, -
Semiconductors end/or other components can be mounted by edding eﬁall _

"L"-brackets, which can be bolted,breged or welded on to this plate.

‘5_‘Heat thereby 8dded to the module is conducted across the . top plate to

the sidewalls, and thence to the mounting flanges. Due to the potentially
‘ high velues of dissipation expected however, 1mplementation of this

method is doubtful.

6.4 Maintalpability, Human Factors and Sefety

The followihg demonstrates the manner in which various module

~5features implement the design ground rules of 4.3:

- 56.



1) Minimize Astronaut Effort and Time
&) -No épeciai training required to replace module. The asfronaut_
need oniy be showns
~ How énd where to attach and detach carrying handles
-~ locatlon of captive mounting flenge hardwere
- How to dlsconnect module electrlcally
All are siﬁple operations requiring no speclal tools,
2) Minimize Use of Tools
a) Screwdrivef used for flange hardware
b) Two wrenches --Aone in each hand -- used for electrical connection
hardware (balanced torque)
c) Hahdles.snép in and out of bosses in sidewalls.
‘3) Design for One-Man Handling
a) Welght ~ 45 1b.
b) Maximum Dimension = 30.25 inches
4) No Venting to Cabin
a) Celis are sealed
b) Modifications to dﬁﬁt cover permit manifelding to space
vent |
S) Prevent Shock Hazard
&) Module voltage € 6.5 volts max.
b) Module case electrically isolated from cells
. c) Dust cover prevents contact with terminais |
6) Prevent Module Damsge from DTOppeﬁ Tool
| a) Dust cover over terminals

Other design features enhancing maintainability and safety

. include:

0 Fo interruption of coolant lines. No violation of thermsl control integ-
rity by médule removal and/ar-insertion.
o Module capable of containing pressure to 150 psig with positive

safety margin -- restraint on 8ll faces,
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7.0 MODULE TESTS

7.1 Thermal Evaluatlion Tests

Tels1 Obdective ) ”

The purpose of this test program was to demonstrate the adequacy of the

100 ampere-hour Ni-Cd battery module's thermal design in maintaining cell temper-
' atﬁres at acceptable levels (0420°C, 32-68°F) while operating at the extremes of
the design thermal environmentland electrical operating tegime. Additionally, the
" test was to provide engineering data useful in evaluating particular design
trobiems in detadil in-an effort to further optimize the mechantcal and thermal

packaging,

?.1.2 General Test Procedures A

| The test article consisted of four (4) 100 ampere-hour nickel cadmium cells,
eéch containing an internal resistive heater element, packaged in & module housing
of the recommended (i.e.: "flat pack") design. Figure 6.2-3 ie a photograph

of the finished test article,w1th the top pressure plate not yet mounted.

‘The "heater" cells are described in Appendix (. They were operated as resis-.
tiyé‘heaters-(known heat sources) during most of the testing, and charged and
diééharged as actual storage cells during the remsinder of the tests,

| . Each cell contained a pressure gauge on its header, through which the
internal cell pressure could be monitored and recorded. |
"iThermocouples wefe located on the 1ndividual cells prior to encapsulation and
on the module exterlor prior to test (see Figures 7.1-1 and T.1-2). These
_and all other sensors were monitored and recorded continuously by the date system -
‘during testlng. Figure 7.1-3 shows the Hewlett Packard data system used for all
dﬁta gcquisition.
& 1 (A1l tésting waé'performedrin the Grumman Battery Iaborato:yj Plant 1k,
Thé module was mounted on & pair of speciﬁlly mndified Lunar Module cold rails
through which conditioned coolant (water) was circulated. Figure 7.1-k details
;the mndificatiOns made to the IM cold rails. Figure Tel=5 18 a vhotograph ehnwing

tthe’module mounted on its cold rails, The inlet coolant temperature and flow
: &R



rate through the rails were controlled to predetermined values

with the aid of the constant temperature bath shown in Pigure
T.1-5 and.hose cocks on the inlet and outlet lines. All fluid system
parameters (inlet and outlet coolant temperatures and flow rate)
were monitored and recorded contihuously.

The module was tested under conditians aimﬁlating~the‘
hot design case‘(méximum coolant inlet temperature, minimum flow
rate, mexdimum embient temperatures, 50% DOD, voltage limit charge
control) and the coid design case (minimum coolant inlet temper-
ature, maximum flow rate, minimuﬁ amblent temperature, 12% DOD,
auxiliary eleétrode charge control)., In the above tests, the
cells were operated as heaters whose input bowers simulated the
estimated heat generation rﬁtes for the above conditions,

In addition to the runs described, the hot, cold and nominal
' (30% DOD) design cases were repeated by actually charging and
discharging the test-cells'rather than using them ms heaters..
':Dﬁring these "live" cell runs, the cold'caée wes imperfectly
" simulated as Qoltage limit cherge control was used,

T.l.3 Instrumentetion

The test instrumentation allocetion .isg described.

. below,

7.1.3.1 Thermocouples

} A. Cells (see Figure 7,1-6)
Cells #19 and #31: 18 (9 each)
Cells #20 and #30: 4 (2 each)

B, Module Sidewalls (see Figure T.1-7)

"7 (13 on Side A, 4 on Side B)

C. Module Bottom (see Figure T.1-7)

2
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Intercell Specers (see Figure 7.1-T)

1 on spacer #1 facing Cell #19
1 on spacer #3 facing Cell #31
2 total

Flang .& Root (see Pigure 7.1-8)

16 (8 per flange)

Total Thermocouples on Module: 59

Thermocouples on Cooling System (gee Figure 7.1-9)

1 pump outlet

2 Qold rail inlets

- obld rail outlets

2 thermopilés (outlets minus inlets)
Ambient Air

2 thermocouples at opposite ends of module

All themocouples werse fabricated in the Grumman-: Thermodynamics

Laboratory. They were all 0.005 inch dlameter (36 ga) copper-

" 'constantan- with a one-mil teflon coating; cut to three foot lengths

" from the same -8pools of wire. The beads were formed by helisrc

" welding.

. fT.1.3.2

Other Instrumentation

L cell terminal voltages

1 module termlnal voltage
1 module current
4 heater voltages
b héatér currents
Each‘céli's‘pressure was manuaily recorded f.mm-_"hhe gauée
on its"hea.der | |
Time wag automatic;.lly recorded by the dat& sys‘tém from
1ta'1ﬁp¢rnal clock |
65.



Figure 7.1-6

THERMOCOUPLE LOCATIONS ON HEATER CELIS

< iide B

O o0 °og & o o Q o e og Qs 00

Side A

Cell #19  Cell #20 Cell #30  Cell #31

Cells #19, #31: 18 thermocouples (9 on each eell)

1 on termingl (adjacent to
Cells #20 and #30) - #71, #167

5 on Side A | #eg *ieh 1 on Side B - #79, #175

/ Al
«55,“13'-’

W{gﬁ @ o % | @4~ 1 on Side (adjacent to
T—-‘ 415 fss,mo ko Cells #20 and #30) - #69, #165
31-” ‘ as” #6'7;#’53

-4_3.67-’_,{
1 on Bottom -~ #70, #166

Celis,#gogi#SO: 4 themmocouples (2 on each cell)

| 1onside B - 483, AT

— 1 on Side A - #81, #A7T |

l_* A}l,#hennocouples'under the Kepton wrap which covers the five major,sideé of the cell,
| N 66.



Flgure T.1l-7

THERMDCOUPLE LOCATIONS ON WALLS OF MODULE CONTAINER

Spacer #1 Spacer #3

Spacer #2

Side B

Bottom

Side As 13 thermocouples -
] ' . Exterior View

Cell #19 Cell #20 Cell #30  Cell #31
3#76 #ys #gz
e ® e ® ® ® @ @8
#73 #7127 # #82 #1119 #iy #1682 gpo
e®#75 @1
Side-Sf 4 thermocouples .
' ' _ - Exterior View
Cell #31  Cell #30 Cell #20  Cell #19
D ® ® &
#1716 #1906 #74 #20
Bottom: 2 thermocouples | Exterior View
Cell gg [Cell #20  [Cell #30 | Cell é31'
#78 : 1' : #174
Sg&éeréf= 2 thermocouples
* One (1) on spacer #1 facing Cell #19-#77
‘? ' One (1) on spacer #3 facing Cell #31-#173
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Figure 7.1-8

THERMOCOUPLE LOCATIONS ON MODULE MOUNTING FLANGES

16 Thermocouples (B on each flange)

| Side B
04, @ O O O O O O o o © O 0,0
@ ® @ ' ® ® ® e &

#1006 #102 #1103 # 185 # |86 #1858

 Cell #19 Cell #20 Cell #30 Cell #31

#38 #33% #3839 #190 #1682 #Iv
Q#;ﬁ; - ® ——'r;’ ® @ ' ® @ 94
oo o%'0 o o O O o o o o o o'

. 4 .

oide A

68.




THERMOCOUPLE LOCATIONS ON COOLING SYSTEM

Pigure 7.1-9

_rsLFlow Balancer

i

¥
. o Thermopile #1-#110
- Side A '
" Flow Controller | 4155 Cold Reil #1
S w , ' ' #07
Battery Module
#106 - #108

Congtant
Temperature
‘Respervoir

3 thgrmocduples on inlet coolant (1 common, 2 individual)
' i2 thermocouples on outlet coolant (2 individual)

2 thé;mopiies:(outlet minus inlet on each coolant leg)

69,

Flow Balancer

o : Cold Rail #2 i
Jrilet <71
Coolant . : -
S | Side B -
: Thermopile #2-#111




H) .Flow_rates were wmonitored by periodically woighing the
effluent from each cold rail in a given time pofiod.
Adjuétments to the totel flow were made with a hose-coek
on the common inlet tubing, and adjustments in‘flow
balance betweenlthe ralls were made w;th hose-cocks on

the outlet tubing.

“T.1.3.3 Test Equipment

See Teble T.l-1

‘"-57.1.3.h Data'System Channel Allocations

See Table 7.1-2

-"}T.l.h Test_Control Circuitry

The "heater" tests-'(Runs 3-9,.T.1.5 below) were run using

:-_ individually controlled constant current sources for each cell

'heater. A schematic fbr one of these sources is shown in Figure
f.l-lO. In theafigure, the heater current 1s monitored in g 20
 ampero, 50 mv Shqht.- The signal dc;oas this shunt is compared to
' ; buffered reference voltoge tapped from & 0,100 volt source.
- V'Compariéon.and voltage amplification 1s accompllshed in.differ~
g ,{.'.Iencing'amplifier A2 and the following two (2) NPW trensistor stages.
.‘-Heater current 1evel.is_direotly controlled by the 2N17ﬂﬁ power
t#ansistors. .Tho 50K;multiturn potentiometer acts as a current
~ level adgugtmght by varying the actual reference voloagE'uaea.
_fhe selected cu;?ents were: -
o Hot oésé . 16.watts/cell ~= 20 ampere
o Cold case -- 3.9 watts/cell -- 9.88 ampere

'gl;based on & heater resistance "nominal of 0.0k ohm. Actusl values

- ’___--?for each hedter. were subject to minor adjustment to allow for

E -}tolerance variation and drift,

The “live cell“ tests (Runs 10 through 17) were made using

‘f;?Gfumman 8 Teatlcontroller. Since each element of thia device
P TO- } .



Test Equipment

Ttem # Description Manufacturer Model #  # Required

1 200 (3wwirs) channel, Data Acquis-  Hewlett-Packard 20128 (1)
ition System ‘ '

2 : Heater Power Supply, bO'V, 125 amp Sorensen . DCRUO-1254 (1)

3 '] Module Power Supply, 100x8mp, -, %orensen SRL-10-100A (1)
- 10 volt

L Discharge/Cherge Control Circuitry Grumman R (1)
>  °  Heater Fower Control Circuitry - Grumman (1)

o6 . Refrigerated/Heated Constant Lab-Line - 332h.x (1)

. Temperature Bath (Reservoir) Instruments

7 . Temperature Regulator " 3202 (1)
8 . ; 50 Channel,-Cbpper-Gonstantin, o°c Jos. Kaye & Co, ' (2)

Reference Junction

Ti.



SEale

Data System Channel Allocations

Calibration

T2,

Data Channel # Type Messurement Description
60 100 MV  Temperature Spare Channel
61 ' Spare Channel
62 Room temperature, outlet end
63 Cell #19, side A, center
6l (8)%Ce1ll #19, side A, left
65 Spare .
66 Cell #19, side A, right
67 Cell #19, side A, lower
68 Cell #19, side A, upper
69 Cell #19, nerwow side adj. to Cellf
TO Cell #19, bottom
7L Cell #19, neg. terminal
T2 Side A, opposite #63
T3 Side A, opposite #64
Th Side A, opposite #66
75 Side A, opposite #67
6 Side A, opposite #68 -
77 - (a)*Space #, opposite #69
T8 Botton, opposite #70
T3 Cell #19, gide B, center
80 Side B, opposite #79
81 Cell #20, side A, center
82 ... Side A, opposite #81
83 Cell #20, side B, center
8l Side B, opposite #83
85 Side A, temperature of 200
temperature sensing resistor
86 Side A, flange root, end bolt ajd.
to cell #19
87 Side A, Flange root, 1" in from #86
88 Slde A, flange root, center of #19g
8y Slde A, Flange root, center of #20
100 - . Side B, flange root, end bolt adj.
to cell #19
101 Side B, flange root, 1" in from #100
102 - Side B, flange root, center of #19
103 Side B, ¥aange root, center of #20
104 {b) Pump outlet &
105 Rell #1 inlet (battery Side A;
106 Rail #2 inlet (battery Side B}
107 (c) Rail #1 outlet (battery sige 4)
108 Rail #2 outlet (battery Side B)
109 Spare
110 - Cu-Cn thermopile #1 (reil #1)
111 100 MV Temperature ¢y oM thermopile #2 (rail #2)
112 - Shunt Voltage - Heater current, cell #19
113 ' Heater current, cell #20
1k Heater current, cell #30
115 Heater current, cell #31
(116 ' : - Galibration Shorted channel
117 - 10V Calibration Standard cell.
S118 10V Standard cell.



Table 7. 1-2

 {Continued)
Date Channel # Scale Type Measurement Description
119 10V Voltege Heater voltage, cell #19
126 ! . Heater voltsge, cell fo
123, Heater voltage, cell #30
122 : Heater voltage, cell #31
123 - Terminal voltage, cell #31
2L Terminal voltage, cell #30
125 Terminal voltage, cell #20
126 - Terminal voltage, cell #19
12T - String current
128 - Shorted channel (calibration)
129 10V Voltage Module voltage
160 100 MV Temperature *Cell #31, side A, center
161 ‘ - *Cell #31, side A, left
162 - Cell #31, side A, right
163 Cell #31, side A, lower
164 Cell #31, side B, upper
165 Cell #31, narrow side adj. to cellf 3t
166 Cell #31, bottom o
167 Cell #31, pos. terminal
168 Side A, opposite #160
169 Side A, opposite #161
170 Side A, opposite #162
i -Side A, opposite #163
172 . Side A, opposite #16k
173 Specer #3, opposite #165
17h Bottom, opposite #166
175, Cell #31, side B, center
176 Side B, opposite #175
177 Cell #30, side A, center
8- Side A, opposite #178
179 Cell #30, side B, center
180 1 Side B, opposite #179
181 - 8ide A, flange root, center of #30
W8z Side A, flange root, center of #31
183 . Side A, flange root, 1" in from end
co bottom adj. to cell #31
184 - Side A, flange root, end bolt adj.
‘ - to cell #31
185 - Side B, flange root, center cell #30
186 Side B, flange root, center of 31
187 Side B, flange root, 1Y in from end
\ bolt adj., to eell #31
188 Slde B, flange root, end bolt
o AN _ edj. to cell #31 - '
189 100 MV Temperature Room temperature, inlet end
1190 ‘ ' Inte¥nal Calibration - ‘ -
191 - Internal Calibration

a) }Therﬁoéouples'number~64, 77, 160 and 161 (ali within:the‘module)were found to be
open circuited after fabrication. ‘These channels were shorted at the reference- junction
input hence. they read room'tempersbure, .

b) Thermocouple #10k was accidentally open circuited after run' # 9  and not.replaced
since it was not a critical measurement, In following runs it read room temperature.

73.



_ Table 7.l1-2
(Concluded)

c) Thermocouple #107 was accidentally lost while repairing a leéak in the coolant

loop prior to run # 10 ., It could not be convenlently shorted out and was
left open circuited,

d) Channels 60 through 109 on reference junction #1, channels 160:through 189 on
reference junction 2. '

The
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has been ﬁreviob.sly described in detall in Monthly Progress Reports,
a block dlagram showing the electrical test set up is included as
Figure T7.1-11, 1In this dlegram, the functional interrelationships
of the various elements 1s clearly demonstrated as follows:
a) The test begins with the module's cells fully charged
b) When blae power is applied, and a manual RESET command is
issued, contactors KL and K2 will be closed, placing the
system in CHARGE mode until the next timing pulse occurs.
¢) The next timing pulse (count l--generated by the relay
closure In the DDAS, and buffered by the "Relay Iogic
Interface") causes a DISCHARGE command to be issued by
the "Counter-Coincidence Gates" block., This starts a
chain of events which result in the opening of K1 and K2,
and the closing of K3 and K, configuring in DISCRARGE
mode,
d) DISCHARGE mode continues until count 37 .is reached (36~
winute Interval), at which time a CHARGE command is issued.
K3 and K% open, X1 and K2 close, and CHARGE mode 1s
enebled, | _
e) At count 9%, the counter is reset to zero, At the next
pulse, count 1, the cycle repeats. |
£} In the DISCHARGE mode, the discharge-side refereﬁce portion
of the "Charge-Discharge Current Control" comtrole the
main power current. The value of .this current -- set
by precision reslstor networks on plug-in sub~boards --
depends on the desired depth of discharge, and ie as
follows: |
| 12% DOD -- 20 amperes (C/5)
30% DOD -~ 50 amperes (C/2)

50% DOD ~- 83.3 amperes (C/1.2)
TG,



For this mode, the "Volt-Temp, Detector" i1s inoperative,
Control is exerted through the current programing
teminals of tﬁe "Charge~Discharge Power Supply'.

g) In the CHARGE mode, operation alweys begins at 83.3
emperes (C/1.2), When the "Volt-Temp, Detector" senses
that the module voltage has reached its preset limit, the
current 1s stepped down to 50 amperes (C/2), resulting in
a reduction of module voltage. Wﬁen module voltage
again-r_'ises to limit, current 1s reduced to 20 _ampéres
(¢/5); and the last reduction is to 5 amperes (C/20).

The module voltage 1imit during charge 1s & linear relationship )
' between the follm;zing two points: |
o°c -- 6.24% volts (1.56 V/cell av,)
20°C -- 6.04 volts (1.51 V/cell av.)
This relatlonship is established by mixing the resistance
cﬁange of the positive temperature coefficlent (PIC_) resistor
(mounted 'on the module) with the sensed voltage.
It should be noted that, in the process of eliminating various
"bugs" from the ox_'igingl Test Controller design, considerable |
" condensation and simplification has occurred, The final design,
‘to be reported fully elsewhere, is a simple, reliable system,
rgquirizig only the safety circuitry (for fail-safe unattended
| operation) td be complete., A further simplification will be made
'by using the DDAS's time signal instead of the relay closure for

future tests.,
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7.1.5 Test Run log

un #

Date Type Run Desgcription
11 June 1971 Checkout Unpowered coolant/data system checkout
15 June 1971 . Checkout Heater control circuit checkout
. 16 June 1971  Heater 16 watts per cell {50% DOD simulation),
55°F coolant inlet, 15 1b, (hr. rail) flow
rate. Cells evacuated ‘all mounting bolts
. secured,
A 17 June 1971  Heater 16 watts per cell (50% DOD simulation)
55°F coolant inlet, 15 1b/(hr-reil) flow rate.
Cell pressurized with Ne. for. three cycles;
100 peig for %8 minutes, b‘ ps!g for 36 minutes
B 17 June 1971  Heater Repest of run #4A: except 150 1b/(hr-rail) flow
' rate
18 June 1971  Heater 3.9 watts per cell (12% DOD sEmulation),
‘ gaOF coolant inlet, 150 1b./(hr-rail) flow rate.
ells at O psig N2
22 June - 1971 Heater 16 watts per cell (S0% DOD simulation), 55°F
coolant inlet, 15 lb/(hr—rail) flow rate, Cellg
_ : at O peig Ne,
1 23 June-1971 Heater Repeat of run #6 with cells evecusted.
B 223 June 1971 Heater Repeat of run #7A with 150 lb/(hr-rall)
i 7 _ ' flow rate
2k June 1971  Heater Repeat of run #7A with two pass cooling
B e configuration
25 June 1971 Heater Repeat of run #8
b 20 August 1971 Checkout Checkout of orbital control cireultry
L © 2h August 1971 Live L-50%:D0D cyalés, 55°F coolant inlet, 15 lb/(hr«rall)
> 25 August 1971 Live Repeat of run #11 with 5- complete orbits
3 - 27 August 1971 TLive 4-12% TOD cycles, 32°F coolant inlet, 25 1b/(hr-rail)
: ‘ o flow rate . '
1 1 Sept. 1971  Iive 5-30% DOD cycles, 45°F coolant inlet, 15 1b/(hr-rail)
S , flow rate : ' ‘
;.3 Sept. 1971  Live Seme as run #1% with 6 orbital cycles.
;.9 8epbi 1971 Checkout Checkout of 12% TOD controls
r 10 Sept. 1971

_Live Repeat of run #13 with 6 orbital cycles.,

9.




7.2 Heater Tept Results

7.2.1 Heater Test Serles

Test runs 1 through 9 comprise. the heater powered series of runs.
Bach of these is described in T.2.1.1 below, and the pertinent data
from each is presented, A discussion of the date is found in 7.2.1.2.

T.2.1.,1 Heater Test Data

Runs #1 and #2-

| "~ Runs number 1 and 2 were checkout runs in which the proper
operation of the control circuitry, instrumentatien, data acqu:ksition

. gystem and tl'_le cooling system were verified. No data is presented
~for these fvb run's..

Run #3: :

In run number 3, the insulated, uﬁpowered module was supplied
with SSOF coolant (water) at a flow rate of 15 pounds ﬁ_er hour per
cold rail., All .mounting bolts wére_ secured and only 'one coola.rnt pessage
pér cold rail was ac_tive.. The temperstures in the‘ sjrstem were

monitored'until .stabiliz_a.tion had cccurred, Figure 7'.2-1.'15 é

temperature map of all the module and coolant system thermocouples’

- _f_‘ollowing stabilization. As can be seen in the figure, there iz a 1°F

E ~temperature 'rie in‘ the coolant refle_c't‘.ing the enwimnmentgl heet lesik
" into the system. The wodule thermocouples show thet nesr.isothermal
| conditions e.-x:"Lst '_thr.oughoutl the module,
Following 'unpowe'red s’babiliza'bion, powér was amplied lto Bach heater

- &t a nominal rate of 16 watts per cell until equilibrim wae re-established.
Flgure 'T 2 2 shows the total power to the module ve, tlime beginning-
with the time power was initially applied. The figure alaa shews

‘_ the change in _’cémﬁerature of a selected tﬁermcoupie (#85.-- thé temp-~

| _‘;a.'rat.ure s:énsing‘ resistor's (TSR) témpemture) from which one may see when
- ﬂ',eguilibrim was achieved, and the variation of inlet coolant temperature
during the r'un | |
Figure 7.2-3 is a 'bemperature map of the module at "powered equilibrium",
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- MODULE STEADY STATE TEMPFRATURE DISTRIBUTION RUN NU. 3
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Figure T7.2-4 1s a plot of coolant temperature, flange root
temperature, center cell face {cell reference) temperature, max-
imum cell temperature (top of broad face), and center of cell
 face temperature versus distance along the module,

Following stabllization, pover to the heaters was cut and
the module alldwea to re-stebilize at the coolant temperatures.
Figure T.2-2 also contains & plot of the TSR and coolant inlet
temperatures .from the time heater power was int.ernr.pted. This
data was used to determine the therwal time constant for the system,

Runs #A and #4B

Run number 4A wae a répeat of run #3 with the exception that
the intercell connectors were installed prior to the test, and

the pressure in the cells was cycled from O %o 100 psig with dry
nitrogen.
| Equilibrium conditions on the unpowered module were first
established at a coolant inlet temperature of 55°F end & flow |
rate of 15 pounds per hour per rail., Figure 7.2-5 is .a. tempersture
mep of the module prior to the applieation of heater power.

B Fower was then s'up'plied to the heaters et a nominal rate of
16 watts per cell, Figure T7.2-6 shows the fesponse of thermocouple
#85 vs, tizﬁe for the powered portion of the run. Additionally,

the inlet coolant temperature and power input %o the module are

plotted vs, time, The cell pressurization schedule is superimposed
on the timeline,

Flgure T7.2-7 1s a temperature map of the module after equil-
ibrium had been reacheti. Figure 7.2-8 1s a plot of coolant

temperature, flange‘ root témperature, cell reference tempersture

- ‘é.nd maximum cell temperature vs, distance along the module.

Run #%4B was a repetition of LA, except flow rete to the
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MODULE STEADY STA'TE WEMPERATURE DISTRIBUTION
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MODULE STEADY STATE TEMPERATURE DISTRIBUTION
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module was increaéed to the maximum achievable with the ppmping
system. The meximun flow rete was 300 ﬁounds per hour (150 lb/hr-rail).
The power imput, inlet coolant temperature and TSR temperature
are shown plotted against time in Figure T7.2-6,
Flgure T7.2-9 is & temperature map.of the module follow-
ing equilibration at the 16 watt per cell, 300 pound per hour
© condition, Figure 7.2-10 is a plot of coolant, flange root,
cell reference and maximum cell temperaturé vs, distance along
the module. |
Figure T7.2-6 also contains a plot of the TSR and inlet coolant
‘temperature vs, time follb.winé interruption of heater power to the
cells,
"Run #5
Run number 5 was conducted on the insulated module at an
inlet coolant tempersture of 32°F; a high flow rate (approx-
imately 150 pounds per hour per rail); and a heater input of 3.9
watts per cell. This run simulated the cold design case (129
depth of discha‘rg‘e);
Figure 7.2-11 shows a temperature mep of the module at equil-
ibrium prior to fhe applicetion of heater ;;ower.
Figure 7.2-12 shows thé TSR temperature, power imput to the
heaters, and the inlet coolant temperature profiles during the run,
Figure 7.2-13 is & temperature map of the modﬁle at eguil-
ibrium while powered; while Figure 7.2-1Lk is a plot of (.;oolan'b
':'bemperature, flange root temperature, cell reference temperature
| and naximm cell temperature vs, distance along the module,
The température decay of the system following cesseation of
" heater pover was not monltored.
Run #6
| Prior to run mmber 6, the captive bolts holﬁing the module
90, '
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MODULE SLEADY STATE TEMPERATURE DISTRIBUTION Bl 0. 5
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to the cold reil were all opened and the module was unseated, The
module was then reseated on its rai.ls and every other holt torqued
down. The bolt to bolt span was thus increased from 2 to 4 inches.

In this run, power was supplied to the cell's heaters without
first equilibrating the module to the coolant temperatures., The
module was supplied with coolant at a flow rate of 15 pounds per
hour per ralil at an inlet tempersture of SSOF. The heaters were
powered at 16 watts each,

Figure 7.2-15 shows the power, TSR te;nperature and iniet
coolant temperature profiles for the run., As can be seen
from the TSR temperature respomse, true thermal equilibrium was
not achieved; therefore no tempersture map 1s supplied for the
run. The run was repeated the following day (Run #7A).

Runs TA snd 7B

Run TA 1s a repeat of run #6. Figure 7.2-16 is a mep
showing the temperature distribution within the module prior
to the powered portion of run TA,

Figure 7.2-17 shows the TSR, inlet coolant and power ﬁrofiles
‘during the run, As can be seen, thermal equilibrium was achieved,

Figure 7.2-18 is a temperature map of the module at equilibrium
whlle powered and while cooled with a flow olf 15 pounds per hour
per rail,

Flgure T7.2-19 shows the coolant tempem‘bure s Tlange foot

temperature, cell reference temperature and meximum cell temperature

. profiles along the module at equilibrium.

Run 7B wes ﬁ continuation of TA in which flow rate to the
module was incres;sed fﬁom a total of 30 pounds per hour to approximately
‘300 pounds per hour.

The TSR, inlet coolant, and power profiles for run TB are

7.



T
3
I

T,

Tir
11

Lt

1T
4 |

yu

I
Fumus

THTHS

- . pal
Nl !41—5111 1
; IR SN TN

11T
1111
it

TH
pran
|
T
11T,

-

TR

9:1112

H

R R

LTI

TIT

1.

HIHHTH

..)
1
It

i

i

T
i

dgiza
Y
oS Fpann
=
i
p [, Maganbhay, L Y -3c . - t T f H
e it Rt S R e i B ) Lo e Moot o el T e e R o

S108M A JIBM0J ~ Sanneladiag

o

- WIFFINELERS WYDE 11 1" B ¥
SH_.U&D(..ZU_MFHDMSUEQ_UIU(UNB N:ﬁﬂ:ﬂﬁ_ﬂhhmﬁsnﬂ.

98.



CILL
CASE

TEMPERATURES

3
CANNISTER

TEMPERATURES

FLANGE
ROOT

TEMPERATURES

COOLANT

TETIRATUL 75

MODULE STEADY STAYE TFMPERATURE DISTRIBUTION

SIDE A

Cell #19° Cell #20 Cell #30 Cell #31
S'é-q 261
o X
56! sq 5%.0 55.¢ , -
X x OX % X x w T
56.2, 55.7
x X
&4 4.4
SX %
] 54.0
6.2 560 560 56,0 55,8 557 556 556
e b X X X X o X
56.2 547
» b4
58l 55, € 556 555
5 g’u’ e ut? ;2:1 .
S8 55.6
56’:0 AT = 05 q 55.
. by *

RUN e, 7A
SIDE B
Cell #31 Cell #30 Cell #20 Cell #19
55.? 55»3 5-610 g"l 5-54!
x A % x * x
55.94
5.3 56,2
55,7 55§ 55.9 5€.0
¥ ¥ *® x X x
o ¥
55.9 56.2
55.€ ZEZ'I 5'5:/13 5-“;0 s6.l ‘5;6.0
£54 g - 5o
55{0 ‘C‘T = O‘ ? 55’?
T i e ‘e »
T et T




LT

LI

mAR B

t
4

i

43e
bt
Lid
pua
o
T
.
14
i
e
=
—
i K
nag ]
= in
— H
H

2

BN e JOMOS

WIFFTWELEK
Fua 3wOv-W DIELIREW DEveH bYbES

WYOE 1M 0 2 ¥
EMBENE DIELIQEHK CO"

100,



i<

MODULE STEADY STATE TEMPERATURE DISTRIBUTION , RUN NO. 7A
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shown in Figure 7.2-17.

A temperaturg map of the module following stabiliiﬁtion at
the 300 pound per hour flow rate is shown 1n Figure T.2.20.

Figure 7.2-21 shows the variation ¢f coolant, flange root,
cell reference and maximm cell temperstures along the module
at equilibrium.

The temperature decay of the system following interruption
of power was not monitored.
Run #8

Prior to run number 8, the cooling system was reconfigured
from a "one-pass" to a "two-pass" system.. The sketch below
shows a cross-section of the cold rail to which the wodule was

mounted,

Givest fmssmse

In previous runs, coolant was run through the first passage
‘only.‘ In this run, the effluent coolant from the first pessage
. was brought bhack to '.ti‘lE Inlet of the second passage and run 'through‘
| again, | |

The flow rate, as before was 1S pounds i:er hour per raii,
and the inlet temperature was 550F. The cells weré powered at

16 watts each.
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As cen be seen from the response of the TSR in Figure T.2-22,
equilibrium hed not guite heen achleved when the r'un was terminated,
The run was therefore repeated the .next day (run #9).

Run 49

Run number 9 was a repeat of two pass cooling condition
conducted in run number 8,

Figure T7.2-23 is =& temperature mep of the module prior to
power-up, |

Figure 7.2-24 shows the TSR, inlet coolant and heater power
profiles for the run. As canbe seen, equilibrimzwas achieved,

Figure 7.2-25 18 a temperature mep of the module under load
at equilibrium.

Figure T.2-26 shows the variation of coolant tempefature,‘
fiange root temperature, cell reference tem:peraturé and meximum
cell temperature along the module's length.

Figure T.2-2k4 also contains a plot of the temperature decay

of the TSR following interription of power to the module,
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MODULE STEADY STATE THEMPERATURE DISTRIBUTION RUN 0, 9

SIDE A - ' SIDE B

CELL Cell #19 s gen #20 Cell #30 Cell #31 Cell #31 Cell #30 Cell #20 Cell #19
[ J ! -y 8'2
CASE
TEMPERATURES 56.7 56.8
. b4 X
564 sa4 56,4 58.3 56.2 5¢.3 58.3 5¢.4 %.5 545
x % X * ,,‘ s % e x % *® X * %
s 56.5
[
I . 5¢.3 _ y
6.4 5¢.5
CANNISTER ‘ 56,9
TEMPERATURES 7aé | X
56.5
%4 568 56 56% X . 5ys %2 56.2 562 56.2 . 543 543 56.3
o ol X %, - b d Yy e ¥ h 4 4 4 3 x
54,5 53 5 )
' 54,5 56,5
FLANCE
ROOT 4 564 55.3 5€.2 55‘;3 564 561 54.2 54.3 56.3 564 564
TEMPERATURES |20 - 56.2 I l 562 | ) " sk
COOLANT .
TEMETRATUTFS g o AT - 1,2 TR 55.0 AT = 173 567
x "-G: o b4 »” BE— 5

s, - F\GORE. 72z~
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MODULE STEADY STATE TEMPERATURE DISTRIBUTION

SIDE A
CELL Cell #19  Cell #20 Cell #30 Cell #31
CASE X2 : x &
TEMPERATURES 7o .4 e;:(.v
| X
6719 4o 66.9 66.2 £2.6
x X % x X % %
£%.% £5.0
® X
" CANNISTER
. 5,
TEMPERATURES 53'3 676
66,4
65.5  £5.6 654 €43 X 63.9 630 £2.1 61.F
x o 4 ® X 1)( R '
’ 6"{:6
6 6 7
FLANGE .
ROOT- g5 g5 843 &34 ‘ﬁf 415
; MY Sy
TEMPERATURES [oa —* 52,‘5'“'
COOTANT
TELTRATURRE  gq 5 AT = €. e
o < X

e

RUN Lo, 9
SIDE B
Cell #31 Cell #30 Cell #20 Cell #19
844 45.¢ £2.3 663 A1Y
x b 3 * x * 4
égi‘}
ZEJ 8.0
£2.5 £3.5 4.7 £5.6
'Y X ® ® X x
% ot
é44 €7.%
&3 é:z.x 63}! 5;{{.3 5?5;? ;:{'ﬁ‘.?
i &6 652
= Jij = 8:2 63"2
e P
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Te2.1.2 Discussion of Heater Test* Results

| The basic 'purpoee of the heater cell tes’ca was congpa.rison
of the expected temperature diatr:lbution e.nd E!.evels within the
module (from analysis) with actual values measured during test. In
order to do this reference must be made to the sketch bhelow where

key locetion temperatures on the module/eold rall are ldepntified.

T4

ora— L —Te

T2

In the aketch T6 represents 'hhe maximm cell ﬂce ‘emperature
in the module, The design goal wes maintenance of T6 below 68°F
for a coolant inlet temperature:éf’ 5‘59}‘,9. flow rate of 15 pounds

per hour per rail, and a total heat generation rete of 64 watts.



Runs #3 and #A simulsted thia deéign cese. Run #7 was made
to the same conditions with the single exception that the module
was secured {o the cold rails by every other mounting bolt (a
L-inch rather then & 2-inch bolt apmeing),

Run #9, 1in which two-pess cooling at 15 1b./hr. per rail was
‘demonstrated is included in the comparisen. | '

Table 7.2-1 below compares the predicted temperature gradients
with those demonstrated during testing,

As can be seen from an inspection of Table 7.2-1, the dqiffer-
ence between the maximm cell face tempereture in run 4A and the |
inlet coolant temperature was 1k,5°F oam to 13,6°F for the
design predictions. This would mean that, with a 55°F coolamt
inlet, the maximm cell face temperature would be 69,5°F compa.red
%0 the design goal of 68°F, The @ifference can be traced to two

baslc causes:

a) the grédiehrtf across tﬁé_ pai:ting mterfa.ce betmﬁ the
cell antimodule sidewall was 2,1°F fnotesd of the expected
1.2°F, resulting in s 0.9°F higher cell temperature,

b) the memsured axiel gredlent along the module is 65% of
the coolant gradient Instesd of the expected ko#, This
causes a 1°F higher maxct man .cell temperature, ‘

The value of %,2°F predicted for the temperature gradient

across the potting aamﬁéd a .00l inch layer of kapton tepe and
é. 0.050 inch thickness of emespsuiani. A calculation of the actual
| potting thickness awound the cells (based on weight and surface

' _.s'r-ea)‘."shbmsi tha.t thg‘f-&wtx?aga Was approximetely -0.000 inms’..
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Table 7.:'»1

Predicted ws, Actunl

Temperature Gradients

Temperature Gradient Predicted Run #3 Run #4A Run #7A Run #9

Average coolant-inlet coolant :
(T2-T1) _ b1 4.0 4.0 4.0 6.1

Average flange root-
average coolant (T3-T2) 2,5 2.8 2,7 3.4 2.6

Maximum sidewall at midsection-
average flange root
(Tl{"’TB) 306 3.2 3.2 3.0 3.1

Maximum sidewall at outlet-
maximm sidewal at mid- .
section (T5-Th) 1.6 2,6 2.5 2,5 1.h

Maximun outlet cell face-
maximum sidewall at outlet
(T6-T5) 1.2 2.3 2.1 2.0 2.1

TOTAL (T6-T1) ' 13.0 14,9 14,5 14,9 15.3
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Both welght and tempersture gredients will be improved in
the future by |

a) elimineting the kepton tape layer around the cell;
adequate electrical isolation between the cell and
cantstér: is supplied by both the amodizing on the walls
of the cell cavities and the dielectrlc strength of
the encapsulant;

b) respecifying canister dimensions to accept a cell with
overall dimensional tolerances of +0,010 inches rather
then 10.030 ‘1nches.

It 1s estimated that these two changes Will result in an
encapsulant wéight savings ofl0.8 pounds and a temperature reduction
of 0,6°F. This, in turn, would result inse reduction of the maximum
cell case temperature for the design conditien to 69°F. |

As previously stated, the module under test exiibited a 1°F nigher
axial gradient than anticipated; resulting in a maximm cell
temperature 1°F higher than desired., While this 1°F difference
18 not a serlous problem, the fact serves to introduce & general
discussion of the axial (‘cell to cell) temperafure dia‘tribu;bion‘

. within the module, |

| Figure 7.2-2T presents e comparipon of the cell temperature
distributions which would result feor three different cold reil
conéepts. ‘

_ TFigure 7.2-2T(a) :lllﬁstmtes the baaenné concept of a single
' pase cold rall supplying éo-elant at a flow rate of 15 pounds

. per hour per rail, This conditianswas tested in rune 3 and ha.

] As can be seeh from the figure, the variatien between corresponding
‘lpqﬁ.‘nt's on the cells is 5.6°F. The superimposed oscillatery temper-

ature variation is due to the fact thet, on any sipglérpekdj the ' -
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csnter of the broad fece is hotter than edgea of the fece, This
effect cannot be eliminated since thaae'sur'faces are concave
inward vhen evecuated, resulting in a substantially larger potting
thickness between the cell and the module canister st the center
of the face. (The heater cells used in the module were ﬁarticu-
larly bad in the rer__apéct since the caze thickness was less than
usual dve to the removal of thzee plates to accomodate the heaters, )
Additionally, the presence of the intefeell alwimm spacers
{which form the cell cavities) in the module canister provide an
alternate conduction path fer heat leaving the narrow gldes of the
cell; contributing to the non-uniformity of the tenperature
across the broad fece,

Figure 7.2-27(b) 1illustrates the axiBl temperature distribution
which results from'two pass cooling at the same 15 pounds per hour
per rail., Thils 1s one method of reducing the axial gradlent along

the module without increasing the fdow rate.

Figure T.2-27(c) shows the highly desireble axial tempereture
_aistriﬁution wh:l‘ch would result fymm using a heat pipe cold reil.
The ‘cell to cell variation in temperafure‘ is virtually elihinateﬁ
with such & design, (Thié aame effect could be achieved by -
supplylag e very high flow rete to the baseline type cold
rall. Hewever, the quantity ef flew available for battery ceoling
within the space station cooling system is limited,) The subject
“of integrating the Grumsn battery mduﬁe design inte the space
station 1s covered in Section 10,0, More information on the heat

 pipe cold reil concept is presented in that section.
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of four (h) inches, instead of the or&siml tw (&)
optimm thermlly, two-1inch apacim mqnireu*m W
- Tor good mintainability. anr-inch apaczng'ne s:l p:

 merely’ rquaimd removel of eVery other b&lﬂhi : .
thermal remlmnce mounting ﬂange to m, of E“_ )

It was wncluaed that threée (8)=4inch ’ﬁdm.a@u& h&
for the :t’imal design. This mm“ W\lld em m
degrsa;tien of theml MN% in th a mﬂg tnﬁ-‘"
vacuum aand:ltiens. ' _ - - i S B ‘
Data used te caleulate themnl maiatlnce wlum !lm men rmm
Runs "‘A and TA Primarily. @thcr teﬂ:s shmreti mnﬁm - "'nmhem wﬁ;hin

limits ef acem:acy. ' L e

.3 Live Cell Tost Fosults
| Test runa 10 through 17 comprise the live cell series, in which
| the cells were discharged and chérged under control of the pmtoiﬁype &
Test Controller. During this series, minor timing errors occurred,
espécially at. enci of charge (shortened by up to 8 minutes), Additionally,
certain problems were found, and mter'solved, vith the charge rate
' levél control logic. (These phenomena will be tho'roughiy diacussed
in the Test Controller report.) Usefuliess of the date was not
- impaired by these facts. Test runs 12 (50% DOD, 55°F coolant), -
15 (30% DoD, 45°F coolant-), and 17 (ia% DOD, 32°F coolant) are the
significent tests, and only their data is reported. (See 7.1.5,

. Test Run Log. )



7.3.1 ILive Cell Test Data

T.3.1.1 ._Ts_nr‘o_éra.;b___u_:t's -

Figures T.3-1 and 7.3-2 present tempersbure maps of the module at the
eand of discharge and end of charge respectively of orbit #5 of run #12, The
thermal conditions under which the run was made corregpond exactly to run #7A.
The only difference was that run #7A was a heater run simulating a 50% DOD
wlth a heat generation rate o'f 16. watts per cell while run #12 vas & live
50% DOD run.

The highest module temperatures during orbital cycling were found to
oceur, as expected, at the end of the discharge portion of the orbit. A
comparison of Figures 7.2-18 (run #7A) and Te3=l and Te3-2 (run#lE) shows that
the maximm cell temperztures reached during rtm#lE were less than those in
run #7A. The maximm cell face tempersture in run #12 was 66.8°F, and the -
maximm temperature rise in the coolant was 6.4°F compared to a cell face
tempeﬁtﬁre ;:rf 70.0°F and & coolant gradlent of 8.2°F in run TA.

| BIB lower tegperatures extiibited in run #12 are due to the effects of
the inherent thermal lag of the module aml the fact that the 16 watts per
cell o:}bital average heat generation rate assumed for the module design and

usei oaring the héate;' tests was a convervative filgure,
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MODULE STEADY STATE TEMPERATURE DISTRIBUTION

. . 509, DoD ORBIT wo, &
ID A ’ ! L
Su | END OF DISCHARGE SITE B

RUN 10, {2

CELL Cell #19 Cell #20 Cell #30 Cell #31 Cell #31 Cell #30 Cell #20 Cell #19
X722 £%.¢ _
CASE : :
TEMPERATURES 6; 2 6;%
. 6573 613 4.i £1.% 60,0 {hé ba.b £4.7 641 4y
X x X X x X ® 3 % % ® x X
14
5.3 62
4 % . % 9 N
£1.2 649
CANNISTER . Py
TEMPERATUES 5;:“' , ¥
<51 $1.2 s . o ok é S9.4 £o.4 1.6 £13
Sy 7 ' ' . a") 04 1) A . o L '. -
b4 63( x 6?5( ﬁ 6!{'. Xi 3 '5?(! ¥ ‘f . % 4 X
51{{,? ) .6 ,é.z y
&£7,0 gff.‘ﬁ
FLANGE _
ROOT 635 €35 g’f‘;a €e.q 59 584 583 5%l . 5! fud | €74
*?‘q e ‘,: 3 : L ~ Ead L4 AR A
‘ TEMPERATURES 6477 9.5 ] 2.4 : 17
COOLANT
TEMPERATUL S AT = 55 £cia AT o £l G
x = X ® g
\GuRE., 73—
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RUN NO. 2
50% DOD  ORBIT No. 9 |
SIDE A \ 0D oF CHARGE SIDE B
‘ CELL Cell #19 Cell #20 Cell #30 Cell #31 Cell #31 Cell #30 Cell 720 Cell #19
CASE : w62.6 . x 397
TEMPERATURES| = €05 5?’?
: X
9.6 590 5g.7 5% %68 STl 518 5%.5 59.]
x x x * » % x % b 4 ® X
597 57.5
W X ) e
§7.5 $9.6
. —
N camvzsrEr 57.9
TEMPERATURES 5;"‘ X
. fw 5¢.5 579 5%.6
) , : 5¢.3 57.5 510 S6% %5 . Ste : 3.
592 S%0 593 s 7 I IANS: ¥ x %
§7.4
595 A o y
§1.6 ) 5.6
FLANCE _
ROOT .  sq4 S99 S%.1 5'&4 567 564 56.5 517 58.5
. - 2 Cal 7 ' &
TEMPERATURES [ ol e 7
COOLANT
TEMPLERATURES AT = 5<.|
< X

MODULE STEADY STATE TEMPERATURE DISTRTBUTION

Ficoes 72-2




Figures T.3-3 and T.3-4 show the temperatures within ‘the module st the
end of discharge and end of charge respectively of orbit #6 of run #17.
These data may be compered with the data from heater run #5,

Figures 7.3~5 and T.3-6 are the tempersture distr:!.bufion within the
module at the end of discharge and end of charge, respectively of run #15.
This 30% DOD run (not .simulated as a heater run) was performed to see the
" gort of temperature distribution which might be expected under & "nominal”
e-lectrical and thermal opersting regime, As can be seen in the figures, the
cell case temperatures slong the module are very nes.rly isothermal end the
total temperature rise from meximm cell case to fluld inlet is only 8.4°F
(Figure 7.3-5) compared with the 50% DOD allowable design value of 13.0°F.

Figures 7.3-7 through 7.3-8 show typical inlet and outlet coolant
témperature.versus time for each of the three runs. F:I.gures T+3=9 through
Te3=1) show average module temperatures versus time. F:I..gures Te3=-12 thmugh
T.3-14 show typical cell center face temperatures versus time, Table Te3-1
summarizes the important data from these figures. Figure Te3=15 Idemons'tra.tes
the relatlonship between spparent depth of §ischarge (see Appendix A\ , 4.0)

and module and maximum cell'tempemture rise.

Te3.1.2 Eleoctrical

Module voltages are given in Flgures 7.3-16 through 7.3-18. Note the
: curren‘t progmming error (orbit 4 charge, Figure 7.3~-1T) resulting in
excessive voltage momentarily, Note alsc the apparently missing current
step (50 amp, orbit 4 charge, Flgure 7.3-18), The raw deta showed the
presence of this step on one reading only (the module voltage rose to the
next pmgmmning point in less than one minute), resulting in no rise-of-
voltage readout from the step. Tt was typlcal of the 124 DOD runs

-bhé.t most higher rate charging was at /5 (20 amp).
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MODULE STFADY STATE TEMPERATURE DISTRIBUTION

RUN TO, {7

2 7. DoD ORRIT Wo, &
SIDE A SIDE B
—_— END OF DISCHARGE
Cell #19 Cell #20  Cell #30  Cell #31 Cell #31  Cell #30 Cell #20 Cell #19
CELL _ x44.9 3% -
CASE X,
TEMPERATURES 39 363
Y A T4 360 135.6 5.1 35.2 15,3 167 1287
x % x x < % % x S X K g
. 14.5]
5.6
‘51,!2 Sx . y
15,6 17.0
CANNISTER 260
TEMPERATULES ’3‘;;‘* X
35.6 S 43 g W 14,3 24,9 35.¢ 3¢.2
4 ™ . F A ? ’ . 1 .
ﬁ‘s 35('5' 3‘;(1 % X o 33(? 3:{ ¥ ) ¢ * % ¥ x
-]
i ’% % X
15,4 17
FLANGE _
ROOT 366 343 35,4 35.0 :\.43.3 347 Wy 347 347 35, B0 34
TEMPERATURES (T55g " i 24.9 R ’3‘-1‘]
COOLANT
TEMPERATUIS AT = 23,6 44,4 AT = 1.2 356
x -{ X x® re s
FluRE 723
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421
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MODULE STEADY STAT® TEMPERATURE DISTRTBUTION RUN 0. {7
29, beo ORBIT NO. &
SIDEA . END oF CHARGE SIDE B
CELL Cell #194 Cell #20 Cell #30 02110#31 Cell #31 Cell #30 Cell {20 Cell #19
CASE X432, x27:
- TEMPERATURES .32;.‘1 f:.;s‘.‘{
. . 247 5 24,5 45 5.0 459 459
x iﬁc' ¢ 35;:‘ i X % 3“; S X X r X
\ ¥,
%x ! 347 N
34.7 362
 CANNISTER
TREERATURES | 3% | R
‘ d 2 ¥ e y 2 33 14,7 45,8
¥ 0 . ] ' L ' ] - '
3;(“2 3&8 Gf( 3 g B)%w 3;5( 3‘4’( K * x x
‘3&-'-1 T 5
36,2
FLANCE ,
ROOT 3&0“ 157 343,:5' 33‘_:5 3#‘.;3 ai,3 W 342 3'{;6 35,5 387
TEMPERATURES A5 144 4 354
COOLANT
TEMPRRATURTS AT = 43.5 33,4 AT = 0.9 - 352
% < * * > »

Flevee 72-4



S22

MODULE STFADY STATE TEMPERATURE DISTRTBULTION RUN N0, 15
407 DoD - ORBIT No, &
SIDE A END oF DISCKARGE SIDE B
CELL Cell #19 Cell #20  Cell #30  Cell #31 Cell #31  Cell #30  Cell #20  Cell #19
w 56 =7 . Lsiro
CASE .
TEMPERATURES 554 _ 510
5a.l Bl 51.0 S -1 433 49.! 4o.¥ 50.5 |61 F12
w X x x X % ® & w, » * %
9%
5‘2:° l}q.—r
. )( ‘ x - »
49,7 51,3
CANNISTER 21 | o
TEMPERATURES % e |
554 ‘
: \ il Fo.l X Yq,2 425 yen thg : 419 4g.5 b9.2, 50.2
5;;3 g,((o‘ 50;( B S X X “3{’5 ¥ : ¥ h ¢ ® x S x
Lo
$1:0 “ y .
49.6 51.7
FLANGE | : , |
ROQT S0 5o 49.3 ba.o ‘ﬁa;: 415 Y2 424 4%.2 429 Sec 50,1
O Y » » ‘ K > 3% Kmem
. TEMPERATURES |“5M L”?‘l o e
COOLANT |
TEEERATURES AT = s S 4ug AT = 47 . 9
x o< X ® r ®
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CELL
CAGE
TEMPERATURES

CAINISTER
TEMPLRATUIIS

COGLANT
TR RATU 0

MODULE STEADY STATE TEMPERATURE DISTRIBUTION RUN MO. (5
307 DoD  ORBIT Mo, &
SIDE A END CF CHARGE SIIE B
Cell #19 Cell #20 Cell #30 Cell #31 Cell #31 Cell #30 Cell #20 Cell #19
 x 520 . » 1492 . )
Sg{-o lf;!(-?_
; 47,4 TeE) 5 Y.t -7 g jupy  HE
* L}J‘% ({P x = X % % x X K X
7.9
b33 Ye.T
w X X, X}
469 412
2 b7.¢
4_: 7
4.7 ié s Lo 4 7S 541 47,1 Y29
q . / N ’?- > 4 7]5 61-1 sfs &:u ) L ‘' 4
xﬂ LJ)T(H cﬁ;(z o qx x « ¥ ¥ ® b4 F's Yy
4393 Qéﬂ e
% X . *-
7.} 4y.%
ysd 48 41.5 41,0 g, Uz 44,0 Ui b¢.5 47.0 47;? Jﬁ’o
K Y —% -V ¥ Ak : S var Al
43,5 7 e 443.0)‘]
AT = ys.c Yug AT = 43
X - % «® iy ¥
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Table 7.3-1

SUMMARY OF TEMP. DATA, LIVE CELL RUNS

Average

Test Condition Goolant Temp., (°F Module Temp. (°F) Max, Gell Center-Face Temp (°F
Renge Spress  mamge Spresd  Range gpres (Dar
50% DOD, 55 F In.: 55.0555.3 0.3 5745-63.5 6.0 58.9-65.0 6.1 9.9
 Oub.r $5.7-61.6 5.9 S |
30% IOD, 45°F In,: b4.8-45.0 0.2 46.7-50.4 3.7 48,1-51.3 3.2 6.4
Out.: 47.5-49.6 2.0
12% DOD, 32°F In.: 33.3-33.5 0,2 34.8-35.9 1.1 35.8-36.8 1.0 3.4
Out.: 35.1-35.9 : 0.8

(1) AT is defined as max. cell center-face temp. mimus average coolant inlet.
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4Ce11 pressures for each run mey be found in Figu:es Te3~19
through F7.3-21. The generally increasing trend indicates some
overtharge in each orbit, and that even by the last orbit, pressure
was not stable, The divergence between S/N 19, 20 on the one hand,
and S/N 30, 31 on the other, sgaln suggests the difficulty with
' operating two different types of cell 1n the same serlies string with
common voltagé 1limit, Although little or no hydrogen appeared tP
have been generated (recombination during discharge was guick, ahd '
there was no indication of leakage), a lower letel voltege limit could
have reduced or eliminated the rising trend while still éermitting
full charge. Simllarly, later tests with usable oxygen-seniing auxil-
liary électrode signal charge termination, should show earlier pressure sta-
bilizatien, and'good}recharge.fractions_,:(See Appendix. for cell description.)
End—of—charge and end-of-discharge voltage are plotted by
orbit number in Figure 7.3-22. Both show again the difference
between the two cell groups, especially in end-of-discharge, End-of-
discharge algo shows a rising trend for each of the three runs,
indiceting the cells were closer to actual full charge as the run
progressed. Except for the 50% DOD run, no similar decreasing
- trend to show higher charge efficiency developed from the end-of-charge
voltage data.
Figure 7.3-23 is & breakdown of percent total return (smpere-hours)
at each charge rate. As anticipated, the highest percentsge at high
rates occurred during the 50% DOD run. The 30% and 12% DOD runs

show progressively higher vercentages at lower rates.
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Watt~hour and ampere-hour retwrn ratics are shown in Figure T.3-25.
There is, apparently, a cyclic characteristic evident about an average;
i.e.: a below average fraction is followed by one above average, and so
forth, Furthermore, the trend of the a.v'eragés {1084 for 50% DOD, 115% for
30% DOD, and 113% for 12% TOD) may possibly indicate achievement of some-
what higher charge efficlency by the time of the 12% DOD cycles. This may

have been caused by the earlier runs' acting e "burn-in".

' 7.3.1.2.1 Genersl Comments

As data from these live cell runs were reviewed, it beceme quickly
evident that performance was not indicative of that to he expected of full

capacity cells, This is traceable to two (2) primary causes:'

o The cells never had 100 asmp-hour cspacity due to removal of
electrodes to provide space for heeter grids.
o There are two distinct types of cell; S/N 19 and 20 is one, and

S/N 30 and 31 is the other, (See Appendix o)

From this, it is obvious that thermal data in the heater runs is rep-
resentative of a worst case test of thermal control, Ultimately, :t‘u.ll
capacity cells cﬁn be. expected to generate less heat, allowing both cells
and module to run cooler. Such cells will adso provably have higher end-

- of=discharge volteges, and lower return fractions.
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T.4t  Proof Pressure Tests

7.4.1. Objective

This test was conduéted to assure the adeguacy of stress safety margin
iﬁ ﬁhelpodule structure, _The module was desligned to contain the cells.safely
under internsl pressure conditions of 100 psig. Cealculations (see 6.2.3.1)
hadfindicated positive safety margins at 150 psig. The test was conducted
atiiho psig. |

74,2 Test Procedure

After all other tésts were complete, the battery was removed to the
structural laboratory._ Here eat¢h cell was pressurized afier instrumentation
at séaflevel and room émbient of approximately TEQF. The test wés verformed
as folloﬁs:-

o 'Before and aftér éttéchment of'strain gauges, the module was examined

éaréfully for visible cracks

o The rodule wes instfﬁmented with strain géuges in gccordance wiﬁh

Figure'T.hnl v

-3 Preésure.lines from stored nitrogen gas tanks were atitached to each
Eell |

;‘; 6 ‘fhe‘maﬁule was placed'in a covered plt fbr-personnel‘safety after

éonnegting the strain gaugeldutputs'to recorders

- o The cell pressures were raised to 140 reig at a iineér rate over a periocd
of two (2) minutes |

j.p;'iho psig pressure vas heid for 45 secoﬁds

;lo 'The cells were'depressurized to O psig at a liﬁear rate over a

')ﬁeriod of two (2),minute;
C o Thewmodule was';em0ved from the pit, disconnected from the pressure

.‘] linés and instrumentation, and carefully examined again,

1k9.
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The tést was witnessed by Grumman Engineering representatives, Grumman Quality
Control,and NAVPRO Quality Control.

T.5 Proef Pressure Test Results : "

Te5.1 Visual
Six welded bulkhead tabs near. the bottom of the mounting flanges showed
cracks in the weld., A typical crack is shown in Figure 7.5-1. The module
was accordingly submitted to the Metallurgy and Welding'Departmeﬁt for analysis.
To determine the fallure mode, one weld was sectioned and axamined
metallographically and by electron fractography. The photograph, Plgure T7.5-2,
shows the weld sectioﬁ. The weld crown is on the left, and the crack can
be seen running into the weld to a depth of approximately 0,055 ingh,
at which point the fusion zone ended., The metallurglical exemination also
showed a dark oxide coating at the weld-tab surface interface, indicating the
péssibi]ity that pre-weld cleaning may lmwe been inadequate, The fracture was
shown‘to_be entirely within the weld nugget, demonstrating that the module's
own-structuxal.Properties are adéquate. In addition, there was no evidence
of-shrinkage cracking, |
" An electron fractograph of the fracture surface, Figure 7.5-3, confirmed
thaf inéuffieient weld pénetration had caused the nugget to We overloaded,

The ﬁenefraticn assumed for calculation was 0.085 inch (eee Appendix ) and
yiélaea a positive, though inadequate, safety margin at 150 pelg. Actual |
penetratzon was found o be about 0.055 inch, The Metallurgy and Welding Department
recommended increasing penetn&tion depth; and lmproving cleaning procedures
as;arresult of their analysis. The actual solution to this problem, though
séﬁewhat differeﬁt, takes these suggestions into account (see 10 l )e
7.5.2' sﬁi_r»es-;s

The battery module was instrumented with six tension axial strain gauges
. located as shown in Figure T.%~l., For identification purposes, the gauges

were-numbered as follows:
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Botbom of module

#1

#2 - Back side
#3 ~ Right side
#4 -~ Top cover
#5 —dFront Side
#6 - Left side

The gauge on the right gide of the module was located below the
mountinétflange, and that on the left side was located above the mounting flange,

Figure T.5-4 shows the plotted values obtainedifrom strain gauges #3 5
(right side) and #6 (left side), grouped together for coméarison. Plotted
values of gauges #A, 2,4 and 5 are shown in Figufe Ta5~5. The strain values
were pietted for pressures 0-140 psig and 140-0 psig.
7.5.2;1 Discussion of Stress Data , ;

Eefqre discussling the stress data, the basic construction of the module
must be reviewed As shown in Figure T. h«l the module outer case is a five
51ded welded aluminum container with three partitions welded on the inslde
to divide it 1nto four equal compartments. The top plate is secured to the
case. w1th thirty-two {32) #10-32 stainless steel screws., The largest strain
recorded was on the left side of the module (strain gange #6). Tﬁis value
was apprﬂx1mately 525 mlcro 1nches per inch, | 7

_me strain sustained by the back and front end of the module (strain
gaugee #2 and #5) was of approximately equal magnitude, hSOMmicroinches per
'inch;f Strain gauge #3; which measured the strain of the right side of the
dodule,drecorded 225 micreinches per inch., This is 42% of that recorded for
the lefﬁ,side; This diffefence can’.be attributed to the fact that the gauge
on the’right side wasllncated between the mounting flange and the welded
bése dfffﬁe case‘resuiting in a more rigid section, while that on the left
' slde was 10cated between the mounting flange and the bolted top plate of the

case. The strain on the top plate of the module, (gauge #4) also indicated a
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a low magnitude, 250 microinches per inch.

Unlike the four sides described sbove, the strain recorded for the bottonm
of the case, gauge #1, resiilted in a negative value. In additien, there wes
a aistinct Junp from negative 425 to negative 150 microinches per‘:lnch. This
occﬁred between 115 and 130 psig internal pressure. The negative value
indicates that the stress induced in the gauge slde of the bottom was in
comﬁreseion rather than tension., This may be explained by the fact that the
base of the case is welded all around. The high internal Pressures acting
against the two sides of the case thus ca.used e pivoting action st the welded
Joint, rThe discontinuity of strain values (from negative 425 to negative 150_
microinches) can be a_.ttribut-ed to the fact that two of ‘the ﬁalﬂedyta‘bs. on
eacﬁ_of the three bulk.hee.ds felled as a result of insufficlent weld penetration.
(seg__?.B.-_l above), Tﬁe flexing of the sldes as & result of the weld faillure
rel:l‘.e;ed‘the stress which vwas beling applled to the base, causing it te jump.
As cﬁn be seen from the above results , the strain imparted to all sides of
the module under an interna.l pressure of 140 psig isminimal, a.nd well within

the d.eaign safety margins for actual internal pressures of 100 ps:l.g
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8.0 gSYSTEM INTEGRATION CONSIDERATIONS

8.1 Thermal
- In a Ni-Cd battery system, it is desirable to have gll the
cells in the éjstem at the same temperature since cell performance
during both charge and discharge is temperature dependent,
During charge{ all the cells in & string should be at the same
"temperature so thét they are a1l equally restored tc the same state
of charge when the "first cell up" signals termination of charge
(charge efficiency being temperature dependent).
Similarly, all cells in a string should be at the same
temperature during discharge so that the same totel energy (thermsl
plus electrical) 18 removed from each cell, Since discharge efficiency
1s temperature dependent, isethermiclty would guarantee that the true
discharge depth would be the seme for each cell. .
In addition; battery strings which gischarge in parﬁllel should
 1 be at the same temperature so that fhey load shere equally. Since 1t
- is well eatabliahed that orbital life decreases wlth increasing
| dlscharge depth, maxilmm system life (minimum replacement) oceurs when
gll batter;es in a2 system load shgre equaily.
~ The rejectlon system available fbrlbattery thermal control
":(as envisioned by both Phase B Space Station contractors) 1s an actively
:circulating coolant (water) loop (FigureB 1-1) which accumulatea waste
~heat within the station and rejects it to a space radiater (which
radiates the he&t to space). As in any such system, the total coolant
”flow rate te 6ptimized based on the tetal vehicle heat 1oad variation
fﬂof space radiator welght with heat rejection tempenature and variation
of aubsystem welghts with coolant temperature, The point being illustrated
s that the available flow in & space vehicles' active cooling system

j-is limited and 15 determined from overall vehicle trade-offs.
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The problem of achieving equal cell temperaﬁures in & limited
flow rate system is greatly complicated as the nunber of cells in the
gystem is dncreased. Information made aveilable to Grummen by the
Phase B contractors indicates that a typical 25 XKW system would be
comprised of 168 four-cell modules (672 cells). The total flow rate in
the active cooling loop 1s understood to be on the order of 2500 plunds
per hour. Severﬁl appreaches to maintaining all the cells in the
battery system at equal temperatures are discussed below.

Any system configurdng the bettery modules in series on the coolant
loop inherently results in unequel cooling and unequal temperatures amnong
the moduies; Temperature rise of the coolant due to flow past a module'

reflects as higher inlet température to the next 6ne‘ih line, and 8o on,

The most ebvlous way to attempt providing equal cooling and isothermal
 conditions among moduies is to arrange all 168 unitﬁ in parallel on
the loop (Figure 8.1-2) on single pass cold reils (Figure 8.1-3, 1),
The drawbacks of thlS approach are obvious:
a} Even if the entire vehlcle's flow rate were diverted to the
batteries, less than 15 pounds per hour would bes available
to cool each module., Each ﬁodule, hoﬁe;er reqﬁires 8 minimum
- of 30 pounds per hour of flow to keep the cell to cell
temperature gradient along the direction of flow within accept-
. able (although rot optimum) limits
b3 Attempting to equally divide the flow among more than 168
sepafate paths 1s a formidable task %o be avoided 1if possible,
A variation of this approaéh would be an gll parallel arrangement
as before usingimnlt;-paasteold'rh&La.That is, the coolant'would
Tlow through the modules once, be brought back to the entrance, end flow

through & second passage in the cold reile (see Figure 8.1-3, II),
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TYPICAL COLD RAIL CONCEPTS

I, Single Pass Coolant Flow

II. Dual Fass Coolant Flow

III.
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Such a two-pauss arrengement with a flow rate of 15 pounds p'e'r hour
per module would ﬁsult in a cell to cell temperature vardation aﬁpmmting
that achieved with a 30 pound per hour flow rate. This configuration would
provide egual cooling t0 each module with an accep‘tmblet(nat optimum)
cell o o1l tem';)ém'ture gradient within the module, Iﬁl disadvantages
are: |
a) A highly complex plumbing system d:ﬁé to the flow ba.iancing
and lines routing requ'lred, and
b) igreat increase (@oubling) of the pressure dmy in the lines
over the single passa écheme. '
A seecond varlation to the all parallel approach would be é
single pags, ell parsllel arrangément as before with an isothermslizer
“heat pipe on each eof the module's wunting flanges to eliminrate the
cell to cell axial temperature vari.ation which would o‘bherwise
.reault. The drawbacks to this schm are*
a) Complex flow balancing and flow-routing between modules is
_ still required | | |
b) The heat pipes are used on the replaceable, rather than the
-+ permanent, part of the syatem. i i, over a ten year
space gtation 1ifet1me, the baettery modules muld have to be
_raplaced several timpes, discarding the heat -ﬂﬁ:ﬁa‘ each time
(while the cold rails remain $n the system permanently).
~ Anothier possible variation would be an all parallel mm with
.ah 1soth'emli;ér weat pipe built into the cold “mu {Bes mgures.l-e,
III). Thie configuration still hals the disadvantage of Fequiring flow
baléncing and muting to each module. However, its heaﬁ Pipe does
. eliminate the problem of cell to cell gmﬂienta wi":.hin *hhe module
due to the low flow rates while retaining the heat pipe ?’B an .tntegral

permanent (rather than expendable) part of the éeeling sywtem, 1
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‘The lapt scheme proposed is one which poﬁentially eliminstes the
complexities of flow distribution to each battery module, In this
approach, the modules would be mounted on heat pipe cold rails (see
Figure 8.1-3, IV). No actual vehicle coolant would flow through these
rails, Instead, the heat picked up from each module would be transported
by 1ts heat pipe -(with a negliglible temperature gradient developed along
the module's length) to its condensér ends. The condenser ends from
la.rge‘ numbers of heat pipe cold rails would be routed to a single central
heat exchanger from which the summed heat would be d.isaii;a‘be‘d to the
coolant loop. Typieally, in a-sﬁ battery power system arrangement, one-
sixth (1/6) of the available coolant flow.céuld be routed to each of six
parallel, heat exchangers (located near each battery)., All the heat pipes
from 8 p&rﬁicular ba‘t';tery'a.cold rails would be routed to the same heat
exf:ha.nger. The flow balanéing wlthlin the system becomes simplified,
requiring only equé.l divieion of tﬁe avallable coolant émng 6, instead
_ of 168, flow paths. Coolant routing, in general, would be much less

‘domplex. In addition, the presence of the heat pipe in the cold rail
-_ eliminates cell to cell temperature variations within the battery module
i .w.ithout' compromising the basic simplicity desireble for the deaslgn of the

replaceable battery module itself, This system is the one recommended in 10.

8.2 Mechanical Considerations

Since both thermal and electrical considerations (discussed in
8.1 and B.S;J-regpectively) are the primery impects on the form taken by
. any suggested mechanical configuration, it is necessary to review them

' . before proceeding further., Effects due to mainteinability, safety and

other eiements_inajr then be discussed,
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B.2.1 Thermal ImEacts

Type of cooling system, size'(in terms of number of modules),
and isothermicity ere all major consideratiens to be handled, For
a Space Station, ueing a pumped liquid (water) apolant with cold
raile, these invelve problems and tradeeffs in cold rail design (sisze,
-welght, fabricatlon, structural integration); plumbing design (routing,
subsystem compatibility, cémplexity), end structurel compat1b111t§
with other subsystem compenents,

&.2.2 Electrical Impacts

Size of battery, c'harge control implementat_ian,' and bus veltage
and d_istribui:ion‘ all affect mechanical design, Between the two prime
Phase B contractors, Grumman's inforgation indicates there are oily
two similar items, Bath a‘tudies concluded that bus veltage should be
a.ppmximately 112 to 120V nominal, and both use 6?'2-ce11 168-module
gystems, Other parameters appear to be as indlcated in @.3 helow.

The use of 211!19&.111& {North Americen Rockwell-NAR) and aﬁ-mdule

(McDonnell Douglas-lvmac) patteries, , howevér, sugges’c a 'T-module rack cone
f:.guratlon as shown in 8. 2-—1 “since both the “above’ numbers are d:l.visible by
- geven ( 7). For the former, then, each btattery would contein three

(3) racks; while the latter would consist of four (4),

The configuration must be designed with en 1m‘:.emdu1e qlectrical
connection system compatible with beth the Awtercell cannec'bors _
(6.2.3.1) and maintainability (4.3 and 6.&). ,Baeically, the
:melicatiens ares |

o Quir:.k discennect with captive hnrd'ﬂare

o Syfgldlent conductor cross-section

o Short length

Finally, it is desirable to incerporate charge eoﬁt.z‘vll,‘ requlaite

monitoring and control/protection electronics in the mounting with the
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modules, (This, end assoclated problems, is discussed further in
8.3.) This technigue minimizes wiring, reduces control problems,
and lmproves EMC 1in & large, complex vehicle such as Space Station,

8.2.3 Other Impacts

Maintainabiiity effacts & include:’

o Ceptive hardware-use for munti_ng

© All hardware to accept standard tools

© Easgy module accessibility-

o Quick disconnects |

Safety demands consideration for venting of glseé &nd/or
electrolyte (XOH) vapbra escap;!.ng from daumged cell seals to space,
or, at least, out 6f occupled areas, |

8.2.% Structural Considerations

Whereas internal cell pressure is the limiting eonafra-int for
module design, the‘mouﬁting/integi‘ation atructure mt a;ao withstand':‘
(see 4,1)

| o Vibraticn

o Sheck

o Accelefation
while supporting thg req_uisite‘que.ntity of medules, and associated
electrical and thermal hardware, A T-module configuration which
shows promlise of meeting all the considerstions and in@écts noted
above 1s shewniin Figure 8.2.1 without electronics, This arrangement
has the foilowing gdvantages:l

o Before connection to coslant plunbing, it is réi:&'tit.ieljr |
mobile, éiiowing location flexibility

o Compatible with other equipment mountings

'o Low weight and volume penalties for structure

o Easy maintainability |

o Eﬁaily‘ exp&nﬂable to hendle more modules or other equipment
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8.3 Electrical Considerstions

As noted in 8,2,2, the Phase B Study Contrectors, NAR and MDAC,
_ have been contacted several times for thelr inputs and comments,
(Parenthetically, Messrs Nussberger and Murrey have regularly recelved
copies of Grumman reports on this progrem) Table 8,3-1 summarizes
the information derived to date from these exchanges. It can be

seen the two designs are quite different. The only similarities
lie in the general voltage range and the total cell-module complement,
Although, as noted j;n 8.2, Grumman ‘fee];s a configuration dike the T-
module rack (Figure 8.2-1) is preferable, no! finai recommendstion

can be made until & system design is selected, There are, In fact,
certain characteristics of both NAR's and MDAC's systems mitigeting
- against use ofrsuch a rack. Some of these are briefly discussed below,

Tn NAR's system, the fact that only about 100 cells Q_(25 modules)

at a time can be high rate charged complicates the switching and
control hardware extensively. There exists the question of which
~group{s) to select for full charge during any light period, the

' ancillary problem of which group(s) should receive the remainder of
' the charging enefgy, a.ﬁd in what sequence or by what eriteris such

' seiectiorx is made. TFinally, there is the question of whether the

_ selection and sequence should be astronaut controlled, computer

" controlled or both, |
_ In MPAC's sﬁtem, the problem baslcally concerns the parallel- |
: ché.rge, ser_ieé-discharge scheme, It iIs d:_i.fficul'b to zee exa.c:tly how
- this can be implemented. The impact on integration configuifation
1s tmpossible to predict without further very detefled study. MDAC's
o charge control sgheme is cldse to the original Gmmman pmposal;
| A sumary Qf & suggested alternate battery configuration is

h shown in Table 8.3-2., The following key items are noted:
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PHASE B STUDY INFORMATION SUMMARY

Table 8., 3-1

Depth of Discharge/Orbit
Charge Céntml
Monitoring/Reconditioning
Misc, Data

NOTES:

‘o +112 V arrs

~ 6% (Crew Night) - 11%
{Crew Day)
Not:Stated

Part of Charger

o Iosds = 19,6 KW/2k Hr, Av.
15 KW/2h Hr, Min,
l4-hr, Crew Day 25.3 KW-Sun
19,9 KW= ]
Eclipse
10-hr. Crew Rest 16.5 KW-Suy
11.3 ¥XW-Eclipse
construction
o 7 2500 £t,2 (16-17 KW)
avell, for charging
o 2%-yr. life
o Excess arrgy cepability
switched to other cells
after endoof Whghapat
charge

1, Consists of 53; 20-cell groups and (1) 2%-cell group

2. Consists of (4

28~cell groups

3.. Batteries are permanently tied to bus
4, . 100% redundancy noted by both groups.
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Ttem NAR MDAC
Bus Voltage +112V nominal, 3-wire 120 V-nominal
Number of Busses (Maing I 2
Number of Cells (total 672 672
Mumber of Modules (total) 168 168
Number of Batteries/Bus (note 4) 2 3
. Number of Cells/Battery 84 (note 1) 112 (note 2)
Charging Configuration £L) gnhargé:& per group ghg groups in parallel
Discharge Configuration -~ (note 3 4) groups in seriles
Charge Rate Date r~ 83 amp to A~ 100 cells 2 to c/s
Depends on solar array cap.
Recharge to 100% SOC ~ Once/8-9 orbits ~ Once/day

15% Av,, 35% Max,

V/T, each cell,
First cell up
Reversal only

o Array norm, to sun-
two-gimbal system

0 Charge termination
on V/T limit

¢ Charger tests batt. for

V/T limit every

30 zec, after termin-

ation while in sun.

o Solar Arrsy Capability

~ X peak load

0 Cell sampling rate:
1-5 minutes

o Array has logic-
controlled partial
shunt reg.



SWGGESTED AUTEENATE BATTERY SYSTEM

Table 8,3-2

Item Description Remarks

Bus Voltage 120 V - 145 V 112 V min. equlp.
Number of Busses (Main) 2

Number of Cells (Potal) 576 {1/3 redundancy .
Number of Modules (Total)  1hk

Nunber of Batteries/Bus. 3 Bach battery consists
Nurber of Groups/Battery 4 of (4) 6-module groups

Charging Configuration
Digcharge Conflguration
Charge Rates

Recharge to 100% S0C (1)
Depth of Discharge (1)
Charge Control

Monitoring/ Reconditioning

1 Charger’Gmup

Same as Charge

83.34 (C/1.2) max.

504 (c/2)

20A (0/5;

sa {c/20

Every orbit (2)

22,5% .

V/T each group

Aux, Electrode Each fell

Part of Charger

Charge Power Requirements(l)} 25 KW (12,5 KW/bus)

NOTES:

Step~Programmed
Const. Curr.
C/20 considered oW
off
115% min., return
33.5% for 2 batt/bus
V/T steps to next lower cur:
let sux, elech. wp
gteps to cut off
Ags Required
Non-d188 shunt swi‘bching

regulator

1. 3Baged on 25 KW Space Station load, measured at user equipment

2. One battery charged at a time at ma.x. rate,
cepabllity 1s released to next battery.

As current steps, excess
Computer used to monitor and contml

| excess array swiltechlng, and to program chargers to accomodste,
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‘0 TFull recharge occurs each orbit without undue solar array
sizing penalty (Array same size as MDAC's,.and only mr 20%
larger than NAR's)

o Smaller cell-module complement for Lighter welght
- Meximm depth of discharge (DOD) less than average design

figure for this program

- Maximum-DOD for loes of two batteries less than &esign

limit. | |
This system uses the preferred mechanical oonfigu#ation, but in a 6
modile rack, BEach rack would contaln its own charge cqnﬁrol electronics
.and such other circuitry (monitoring, reconditioning) as mey hereafter
be found necessary. A cemtral computer routs the available solar
energy to each batbtery and battery group as previous batteries/
EroOuUps frée Tts. A more detailed explanation of this is shown in 9.

‘where this system is recommended.
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9.0 CONCLUSIONS

Tt ié concluded that a L-cell, 100 Ampere-Hour, Nickel-Cadmium battery module
can be built, end integratea with Space Station Electric Power Systems end Environmental:
Control Systems (for cooling). Tt is‘fUrther concluded that such a module may be
mounted with charge electronics bullt and conflgured coqaistent with the recommendations
of NASA/MSC Contract NAS‘9-10h11, "Evaluation of New Approaches to Packaging of
Power Assemblies for Use in & Space Envirorment".

9.1 Specific Findings

0f the basic ground-rules, only one -- weight--is sti1ll in question. The
. ;

present module design, in its final form, with cells installed will weigh 43 pounds,
3 pounds ahove the design goal,

The assumption of 16 watts/cell worst case orbital average heat generation
‘rate appears high. From the data, actual "live &ell" temperature rises were only-
about 2/3 of the worst case predictions. Final cell data will be obtained from
Parametric and Lifé Cycle Tests.

It was decided that incorporation of reconditioning h#rdware onto the modnle vou 14
impose too severe a thermal problém,'and nlght lmpalr module reliability if the
" permenently connected clrecuitry were td fail. A'better cholce séemed to be to utilize
caltraiized reconditioning,leither on=board; or in ground Buppbrt facilities. Recone
ditioning them becomes a maintenance procedure, and reﬁuirements would be detemmilned
from ﬁhe results of Life Cycle Tests;

Since the completion.qf the initial work on thls module, 1t has been found that
auwxiliary, oxygen-sensing electrode control 1s probably not feasiﬁle for cells
of this size, since no'adequate electrode design exists. Alterﬁative nethods are
belng explored, and_wili be reported incthe cell develogment and charge control reports.
It will be a constraint on these aiternatives that there be ﬁo me Jor effect on
module stfucture or cell‘heat generation.

The Packagé selected was the "Flat-Pack", loné, thin design {see Figure 6,1-19,
et al), This design meets the thermal, mechanical, electrical anq'integration require-

ments generally., Exceptions, minor In nature, are noted in the'body of thfs report,.
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APFENDIX

HEATER CELL DESIGN

1.0 BACKGROUI\ID - Originally the heater cells were to be devices similar in thermel
reslstance and mass, and physical slze to actual 100 AM, cells, but which were
ot electmchemically active, It was finelly decided to use the present design
herein described since the J.ive cell with embedded hester could nbre accurately

- reflect the thermal properiies of real cells,

2,0 DEBIEN DESCRIPTION - Four (4) cells (S/N 18 through 21), and, later, two (2}

e;dditio"nal celis (S/N 30 and 31), were built in accordance with the design layout
shown 1n Figure 1. This sketch shows how 8-mil Ineonel 601 expanded (mesh) materisl
was interwoven among the active plates to form the heater., Also shown is the manner
in which the heater material is connected to two 25-Ampere teminal seal assemblies,
Except for the necessary reduction in plate quantity to allow for the heater,the
cell ciesign wé.s the same as the baseline design, Development Group I. _

Bach heater was carefully adjusted so tha‘b‘maximnn voltege drop at maximm
required power (25.0 watt/éell) would be less than 1,00 volt to avoid electro-
chemical activity when only the heater was used. Thils requirement resulted in

2 x0.0bq = 25wvett;

8 nomihal design heater resistance of 0,0k n (25.amp
25 amp x 0,04 LL = 1,00 Volt). Actual velues for the cells used in the batéery

module are given below:

Cell S/X Hea.tgr' Fleﬁ!iﬂ'l:anc‘:eJ ohm
19 0.03880
20 0.03880
30 0.03805
31 0.0k155

(Values were measured using a XKelvin double bridge, and verified by VOI messurements

) during heater tests.)

Typical overall cell dimensions are shown in Figure &2.
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3.0 HISTORY . Although éix (6) cells were constructed, only four were used in
the engineering model of the 100 A H, Battery Module, 5/N 21 showed very poor
performance during the seiler's tests, and was accordingly not sh'ipped. 5/N 18
was damaged beyond repair in shipment due to improper packaging. (The frill
tube seal was broken, allowing contamination, ) This latter unit was returned to
the seller, _

S/N 30 and 31 were built to replace S/N 18 and 21, Table T shows this resulted
in slzable differences in:

© Active Material Weight

o Negative to Positive Ratio

5t Electmlyte.Ratio.
The module wag thus fabricated with two distinetly different cell designs, TFor
thermal testing, thils fact is not especially important, However, electrical
data validity is considerably Impaired, especially in the module (see T.3 )_.
Neither the later Design Verlfication Test model, nor any subsequent modules will

be built with this kind of Initial difference among cells.

4,0 ELECTRICAL DATA (OTHER THAN CYCLING TESTS) - Table IT contains s swmary of
all electrical data taken st the seller's facllity, and non-cyelic data taken
at Gruwman, (Cyclic date is reported in 7.3.) It should be noted that initiml
capacity is only 75 to 85 Ampere-Hours. Thus, "50%" depth-of-discharge (DOD),
based on 100 Ampere-Hours » Is actually 59 +o 67%. Similer statement are true

for "30%" and "12%" DOD's,
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TABLE T

TABULATTON OF HEATER CRIJ, DESIGN DATA

Des c:i:intion

Date of first dlscharge at seller
Pogitive group weight
Negative growp welght

Positlve active material

- Negative actlve material

Ratlio of neg, to pos. active meterial
Core welght |
Electrolyte

Electrolyte

Elect. ratio (wt. elect,/wt, core x 100)

Unit

Gram

Gram

GAM
Gram

ce

17T

Cell S/N
19 20 30 31
2/26/TL  2/26/7T1 5/14/TL  S/14fTL
962 962 999 999
1204 120k 11L0 1140
119 1910 456 k56
603 603 496 Lot
1.bk 1,40 1.09 1,09
2369 2366 2306 2305
L7k bl 418 h;B
362 6 319 319
20 20 18.1 18.n



i , - TAaeise 1T
Cell 5/N Date  Current Pressure {PSI3)  Volt - Temperature  Input Remarks Cell S/% Date - Current Pressure (PSIG) Output Temperature (OF} Rezarys
i Anp Btart End AP (Final}) Stert ma AT M . Amp  Start End AP To L.OV 40 0,9V Start End AP
19 - - - - - - - - - Electrical 19 _2/%/71 .0 - - - - 31.'15* © 70 (Axb, - Dischargs arter
20 - - - - - - - - - opemtion )} 20 2/06/n s0.0 . - - - 37404} To (Azb. - activasicn
30 - - - - - - - - -~ Mtarts 30 s/w/n w0 . - - - 26.6(*} TO (Amb. - ot fuld
3 - - - - - - - - ~  with A 1 s/ seo . - - - 23.4(*) T0 (Amh, - eapezity
discharge i &t gellsr
19 31/ 30,0 - - - 1,50 75 §Amb - 19 /L 0.0 . - - 75.0 - 75 {dan,) - Cap. cycle i
20 yn 30.0 - - - 1.51 75 Amb) - 2 3ifyyn  s0 . - - 75.0 - 75 {Azb,) - Cap, cycle 81
39 s/s/m 300 - - - 1.68 &9 86 a7 W 515/ w0 . - - - T5.8 B 97 sz AL Zeller
1 sAs/T 30,0 - - - 1. ) 86 a1y 1N shis/fn o . - - - T6.5 B5 g5 410
15 379771 0.0 - - - %) T {Amh - 15 3oL 00 - - - 85,0 - T {A=6, ] - Gopazity est
20 3/9/7L 30.0 - - - 1.43 TS Amb) - 20 3f9/T1  S0.0 . - - 85.0 - 75 (Amb) . Capacity teat.
£ 5A18/71 0.0 -5 -3 +H2 L.kt 75 12 +37 30 517N 0.0 13 a5 .2 - T8.0 100~ 103 43 At Seller
-3 s18/n 30.0 -15 -3 e12 Lkl 75 106 431 3 517N 500 23 A5 .2 - 6.5 ok 102+
13 ETETAL 16,5 S5 By T LW 4] S 3 YA/ S+ X B, S | BR:i %] - B0 o Mk Gmitiets
20 5/5/71 10,0 -15 17 432 1.b7 T5 ™ 20 S/T/TL S0.0 W4 8 87,5 - 80 63  #13  wpd capmcity
30 5/2T/ 10,0 -15 .7+ 1.45 ™ B 45 30 5@ 500 -9 b -5 80.0 81,5 90 98 48 ehak ut
N sfer/n 10,0 f15 9 46 L4 ™ 8 @ n seym see 0 - b 80,0 BlL5 87. 97 10 Oruzap
13 o767 ooy - [ - 1,256 - G - 19
20 - 5/lo/n oev - - - 1,221 . L5 - 20
30 sfe8fmn ooy - «15 - .23 - n - 30
ki s/s8/m ooy - -5 - 1,235 - T3 - n
™ HOEE
: I FULL CAPACTTY CYCLES ONILY
PR Y I T i P s DT Y s { e e & D LY A b T S Y 2 LE: TR /507 i o "
20 . 6/26-6/28/72 10.0 -15 10 41 b 9T A ™ 4 157.8 20 Thh/n Has Bot
30 6/26-6/28/71 10,0 ~15 +3  #18 L4863 15 1 & 186 ¢ 7fi/n Dete
N 6/26-6/28/71 10.0 ~15 43 18 LWL TS T+ 1286 E1 I ATV 1 reined ‘
TS TIGNTL 10,0 X3 -6 T Y Bl & 15,7 B M7 7 G X e T ¢ maa 0.0 ¥ L3 S ] After 25 &ve
20 7/1S-7/19/71 10.0 =15 -5 410 LATT ™7 & + 180 20 816/ 0.0 -15 15 o 1.035 v{59.0 55 55 0 on cpen cirnit
30 7/15-7/19/71 10.0 <15 4 1,510 77 81 «& 18,0 3 816/ S0 13 a3 o 1.156 ¥{A.H. . %5 55 o stand
n 7/15-v/19/71 10.0 =15 0 15 L,505 717 51+ 18,0 31 88/ 5.0 .k bk o 1,157 ¥ 55 55 0
5 BATS7i5 T 10,0 =13 +12  +5% 1.2 15 80 35 95.40 19 9/1?71 B2 R e X350 33.T 33.9  +2 Kfter & ie.8
20 8/r7-8/18/7 0.0 ~15  «19 434 1.500 75 80 +5 95,0 20 9/16/T 50,0 .13 13 0 0.897 v Eg.0 33.733.9 +2 onorcitel
39 §/17-8/18/71 10.0 -1 42 426 1,30 TS Bp 45 g5.0 3 9/16/n 50,0 10 10 o 1,116 vjAH, - 3.7 33.9 +,2  eysling aad opea
31 8/17-8/18/71 10.0 15 48 3 .50 75 B  +5 950 1 9216/ 0.0 4 13 -5 1,126 ¥, 33.7T33.9  +.2  circutt stead
) 15,20, TR TeIl % toro volis, % eondust
0,3 Then each coll sborted with phort.wire, ) proot press test
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AFPPENDIX

The design details for the four (h) heater cells used in
the prototype battery module thermal bench tests are described
below.

These cells are each "live" 100 A.H, size Ni-Cd cells which
include a 25 watt, 1 volt de inconel heater assembly, Four of
these cells were fabricated by Hagle-Picher for Grumman, The
cells are basically EP RSN 110B cells which have been modified
to permit their opermtion with a de heater, These modifications
includes

a) the addition of an expanded Inconel heater assembly
(refer to Figure and the discuss.ion below),

b) the addition of two 25 empere rated terminals to the
normal 100 A H, header aésembly to accomodate the hester
leads,

c) the addition of a stainless steel éressure tap and gauge
to the normal header asgembly,

d) the removal of one (1) positive flate and two (2)
negative plates %o dimensionally permit the inelusion of
the heater assembly, ang, |

e) the net addition of three (3) layers of 1° mil gseparator
material. .

Inconel 601 was selected as the.heater material for its
inertness to KDH, low variation of resistance with temﬁerature,
and ready availability. Expanded 8 mil thick Inconel 601 sheet
(fabricated by the Exmet Corporation, Bridgeport, Connecticut)
was purchased by Eagle Picher per Grumman's directioq.

The sheet stock was expanded to & pattern which would Pprovide

the necessary unit resistance required by the heater design. This

179.



unit resistance was chosen such that the resistance of a 6 inch
wide by 12 3/8 inch long strip would be 0,120 ohms in the long
direction. Each of these strips aré folded so ss to form two
6 inch x 6 inch heater plates (See figure Al ), Three of these
U-shaped heéter elements ére then electrically paralleled to
form the final heater assembly with a total impedance of 0.04LD
ohms (consistent with 25 watts at 1 volt). This low volfage
capability was'required to preclude thg possiblity of electroljzing
the electrolyte.

The heater elements are spaced w1thin the cell as shown
in Figure Al su that the generated heat will be distributed
unlformly within the plate stack.

Teble II lists the serial numbers of each of the completed
heater cells, its measured de impedance (on a four lead Kelvin
bridge), and the electrical capacities obtained in bench tests

during check-out cyecling at Grumman.
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derial #

19
20
30
31

TABLE Tl

Heater Cell
Data

Impedance, ohms

Capacity (C/2)

.03880
.03880
03805
.0L155

181.

87.5
87.5
80.0

80.0





